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SUMMARY
M olecu lar  f o r c e  f i e l d s ,  which were d e v e lo p e d  b e f o r e  1973  
t o  d e a l  w ith  c a l c u l a t i o n s  on a lk a n e s  a n d /o r  n o n -c o n ju g a te d  a l k e n e s ,  
were each known t o  have c e r t a i n  d e f e c t s  i n  t h a t  t h e y  c o u ld  not  
a d e q u a t e ly  rep rod u ce  a l l  th e  e x p e r im e n ta l  d a t a .  The p a r a m e t r iz a t io n  
o f  9, new and improved f o r c e  f i e l d  f o r  c a l c u l a t i o n s  on a lk a n e s  and 
n o n -c o n ju g a te d  a lk e n e s  was t h e r e f o r e  u n d er ta k e n .  The f o r c e  f i e l d ,  
which was s u b s e q u e n t ly -d e v e lo p e d  ( r e f e r r e d  t o  a s  t h e  W h i t e - B o v i l l  
f o r c e  f i e l d  or YfBFF, f o r  s h o r t ) ,  in c o r p o r a te d  i n t o  i t s  p a r a m e t r iz a t io n  
l a r g e  amounts o f  r e c e n t l y  p u b l i s h e d  e x p e r im e n ta l  d a ta  c o n c e r n in g  
t h e  thermodynamic and s t r u c t u r a l  p r o p e r t i e s  o f  a c a r e f u l l y  
s e l e c t e d  group o f  75 compounds and was found t o  be more g e n e r a l  
and r e l i a b l e  th an  t h e  p r e v io u s l y  d e v e lo p e d  f o r c e  f i e l d s .  The 
f i n a l  form o f  th e  YIBFF c o n s i s t e d  o f  22 param eters  f o r  a l i p h a t i c  
f u n c t i o n s  and 18 param eters  f o r  d o u b le  bonds and i t s  s u r r o u n d in g s .
The mean d e v i a t i o n  betw een  t h e  c a l c u l a t e d  and e x p e r im en ta l  
e n t h a l p i e s  o f  60 compounds was 0 .5 5  k c a l . / m o l e  and. t h e  c o r r e s p o n d in g  
f i g u r e s  f o r  g e o m e tr ic  p r o p e r t i e s  were 0 .0 0 9  0 . 6 °  and 0 . 9 °  in
bond l e n g t h s , ,  bond a n g le s  and t o r s i o n  a n g l e s .
M olecu lar  mechanics(MM) c a l c u l a t i o n s ,  u t i l i s i n g  t h e  WBFF, 
were th e n  und ertaken  on a s e r i e s  o f  c y c l e n e s  which had. one d o u b le  
bond, i n  t h e  r i n g ,  r a n g in g  from -  C^q and w ith  two d o u b le  bonds 
i n  t h e  r i n g ,  r a n g in g  from Cg -  s o  t h a t  d e t a i l e d  knowledge
o f  t h e  r e l a t i o n s h i p  betw een  c o n fo r m a t io n a l  s t r u c t u r e  and en ergy  
would be o b t a in e d .  The WBFF produced e x tr e m e ly  r e l i a b l e  r e s u l t s  
f o r  g e o m e t r ie s ,  h e a t s  o f  fo rm a t io n  and h e a t s  o f  h y d r o g e n a t io n  o f  
a number o f  medium r i n g  compounds so  t h a t  i t  was p o s s i b l e  t o  
p l a c e  a c e r t a i n  d e g r e e  o f  c o n f id e n c e  in  t h e  r e s u l t s  from t h i s  
i n v e s t i g a t i o n  o f  t h e  p l e t h o r a  o f  co n fo rm a t io n s  and t r a n s a n n u la r
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i n t e r a c t i o n s  ex h ib ite d ,  by medium r i n g s .  In  a d d i t i o n ,  t h e  minimum 
en ergy  co n fo rm a t io n  (KEC) o f  c i s t c i s , c i s - l t 5 t 9 - c y c l o d o d e c a t r i e n e  
was a s s ig n e d  on t h e  b a s i s  o f  MM c a l c u l a t i o n s  and an NMR a n a l y s i s ,
A s e r i e s  o f  KM c a l c u l a t i o n s  was perform ed on a c a r e f u l l y  
s e l e c t e d  group o f  s i x t e e n  b i c y c l i c  b r id g eh ea d  o l e f i n s  w ith  th e  
aim o f  a s s e s s i n g  t h e  l i m i t s  o f  th e  a p p l i c a t i o n  o f  t h e  r u l e s ,  
proposed  by B red t ,  F aw cett  and. YJiseman, r e g a r d in g  t h e  s t a b i l i t y  
o f  b r id g e h e a d  o l e f i n s  and p r o v id in g  g u i d e l i n e s  or r u l e s  f o r  
s i t u a t i o n s  not c o v e re d  by th e  p r e v io u s  r u l e s .  The e x p e r im en ta l  
d a t a ,  which were m o s t ly  o f  a q u a l i t a t i v e  n a tu r e ,  were s a t i s f a c t ­
o r i l y  reproduced  by t h e  WBFF.and i t  was found t h a t ,  w i t h in  a 
g i v e n  s k e l e t o n ,  sy stem s w ith  a d ou b le  bond p la c e d  in  t h e  secon d  
l a r g e s t  b r id g e  w i l l  be l e s s  s t r a i n e d  th a n  t h o s e  w ith  a d o u b le  
bond l o c a t e d  in  t h e  l a r g e s t  b r id g e ,  which in  tu r n  a re  l e s s  s t r a i n e d  
th a n  t h o s e  w ith  a d o u b le  bond s i t u a t e d  i n  t h e  s m a l l e s t  b r i d g e .
The r e c e n t  p u b l i c a t i o n  o f  r e s u l t s  o f  a s e r i e s  o f  
h y d r o b o r a t io n /o x id a t io n  exp er im en ts  on h in d e r e d  1 , 3 , 5 wkr i “ a hd 
t e t r a - s u b s t i t u t e d  a lk y lc y c lo h e x e n e s  p r o v id e d  r e f e r e n c e  d a ta  f o r  
t e s t i n g  t h e  a p p l i c a t i o n  o f  summed atom c e n tr e d  c o n g e s t i o n  r a t i o s  
( based  on t h e  Wipke and Gund c o n g e s t io n  a lg o r i th m )  in  t h e  
p r e d i c t i o n  o f  t h e  outcome o f  s t e r e o s e l e c t i v e  a d d i t io n s  t o  
h in d e r e d  d ou b le  bonds s i n c e  h y d r o b o r a t io n  i s  known t o  be s e n s i t i v e  
t o  t h e  b a la n c e  o f  s t e r i c  h in d r a n c e  t o  t h e  two f a c e s  o f  t h e  d ou b le  
bond. The agreem ent betw een  t h e  p r e d ic t e d  and e x p e r im e n t a l ly  
o b serv ed  s t e r e o s e l e c t i v i t y  was fa v o u r a b le  ( w i t h i n  15/& o f  each  
o th e r )  when s t e r i c  c o n t r o l  dom in ates  t h e  r e a c t i o n .
I t  has been  s u g g e s te d  t h a t  Raman o p t i c a l  a c t i v i t y  in  
m ethyl t o r s i o n  modes o f  v i b r a t i o n  in  c h i r a l  m o le c u le s  can be  
c o r r e l a t e d  w ith  t h e  c h i r a l  p a r t  o f  t h e  e l e c t r o n i c  p o t e n t i a l  
b a r r ie r  h in d e r in g  t h e  r o t a t i o n  o f  t h e  m ethyl g r o u p . In  a
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perturbed, harm onic o s c i l l a t o r  a p p r o x im a tio n ,  t h e  c h i r a l  p art  i s  
p r o p o r t io n a l  t o  t h e  d isp la c e m e n t  o f  th e  e q u i l ib r iu m  p o s i t i o n  o f  
t h e  m ethy l group from t h e  sym m etric p o s i t i o n .  MM c a l c u l a t i o n s  
o f  t h i s  d isp la c e m e n t  in  ( + ) - 3 -m e th y lc y c lo h e x a n o n e ,  ( + ) - 3 - m e t h y l -  
c y c lo p e n ta n o n e ,  ( - ) - l im o n e n e ,  ( + ) - c a r v o n e  and ( - ) -m enthol was 
found t o  c o r r e l a t e  in  s i g n ,  and a p p r o x im a te ly  in  m agnitude,, w ith  
t h e  o b se r v ed  Raman o p t i c a l  a c t i v i t y  i n  bands a s s ig n e d  t o  m ethyl  
t o r s i o n  modes.
A s t r u c t u r e  a n a l y s i s  o f  1 ,8 - d im e t h y l - 2 - n a p h t h y l  a c e t a t e  
was c a r r i e d  out as  p a r t  o f  a s e r i e s  o f  i n v e s t i g a t i o n s ,  by D r .J .  
Carnd.uff, i n t o  t h e  a u t o x id a t i o n  o f  2 - n a p h t h o l s .  On th e  b a s i s  o f  
t h e  r a t e s  o f  a u t o x id a t i o n  r e a c t i o n s ,  t h e  1 ,8 - d im e t h y l  d e r i v a t i v e  
was e x p e c te d  t o  be more s t r a i n e d  th a n  th e  1 - i s o p r o p y l  d e r i v a t i v e ,  
w h ic h , in  t u r n ,  sh o u ld  be more s t r a i n e d  th an  t h e  1 -m eth y l  d e r i v a t i v e .  
T h is  h y p o t h e s i s  was su p p o rted  by t h e  c o r re sp o n d in d  s t r u c t u r e  
a n a l y s e s  and, from a com parison  o f  s t r u c t u r a l  d a ta  f o r  e ig h t  Cl 
a n d /o r  C8 s u b s t i t u t e d  n a p h th a le n e s ,  t h e  o n ly  c o n s i s t e n t  i n d i c a t o r s  
o f  s t e r i c  crow ding a r e  t h e  C1-C9-C8 v a le n c e  a n g le  and C 1 . . . .C 8  
nonbonded d i s t a n c e .
An X -ray  c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  b i c y c l o ( 4 » 4 » l ) -  
u n d .e c a n e - l ,6 -d . io l  was u nd ertaken  t o  d e term in e  t h e  MEC o f  th e  
b ic y c lo (4 * 4 « l)u n d .e c a n e  system  and t h e  c o n fo rm a t io n  o f  th e  1 0 -  
membered r i n g  and t o  o b t a in  s t r u c t u r a l  d e t a i l s  o f  t h e  MEC o f  
c y c lo h e p t a n e .  The X -ray  r e s u l t s  r e v e a l  t h a t  t h e  b i c y c l o ( 4 * 4 * l ) “  
undecane r i n g  system  c o n s i s t s  o f  two c y c lo h e p ta n e  r i n g s ,  bo th  in  
t h e  C^- sym m etric t w i s t - c h a i r  c o n fo r m a t io n ,  fu s e d  b a c k - to - b a c k  in  
a 1 , 3-m anner. MM c a l c u l a t i o n s  on a number o f  p l a u s i b l e  conform ­
a t i o n s  o f  t h e  b i c y c l o ( 4 « 4 * l ) lindecane system  con firm  th e  X -ray  
r e s u l t s .  The c o n fo rm a t io n  o f  t h e  10-membered r i n g  i n  th e  
b i c y c l o ( 4 . 4 . l ) u n d e c a n e - l , 6 - d i o l  was o f  i n t e r e s t  on accou n t o f  t h e
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f a c t  t h a t  i t  b e lo n g s  t o  a c l a s s  which had not y e t  been  c o n s id e r e d  
i n  MM c a l c u l a t i o n s  or d i f f r a c t i o n  s t u d i e s  o f  t h e  lo w -e n e r g y  
c o n fo r m a t io n s  o f  c y c lo d e c a n e .
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CHAPTER ONE
M olecu lar  m ec h a n ic s :  An i n t r o d u c t i o n
- 6 -
1 .1 I n t r o d u c t i o n
Through c h e m i s t r y ,  i n  c o n j u n c t i o n  w i t h  a l l  t h e  o t h e r  
s c i e n c e s  and t e c h n o l o g i e s ,  c i v i l i z a t i o n  has  made tremendous 
headway d u r i n g  th e  l a s t  c e n t u r y .  I n  c h e m i s t r y ,  t h e  s u c c e s s  
o f  John  D a l t o n ' s  a tomic  t h e o r y  and th e  c o n c e p t  o f  i som er ism ,  
p ro po sed  hy B e r z e l i u s  l e d  to  r a d i c a l  changes  o f  method.  
C h e m is t ry  cea sed  to  he the  s c i e n c e  o f  ' m a t e r i a l  p r i n c i p l e s ’ 
and was t r a n s fo rm e d  i n t o  th e  s c i e n c e  o f  'm o l e c u l a r  s t r u c t u r e * .  
B e fo re  D a l to n ,  t h e r e  had heen  no way o f  l a b e l l i n g  th e  
c o n s t i t u t i o n s  o f  c h em ica l  s u b s t a n c e s ,  e x c e p t  by r e f e r e n c e  
t o  t h e i r  l a r g e - s c a l e  o b s e r v a b le  p r o p e r t i e s .  But now a new 
p hase  b eg an :  by p a y in g  c l o s e  a t t e n t i o n  t o  t h e i r  m o le c u la r
w e ig h t s  and r e a c t i o n s ,  one cou ld  e s t a b l i s h  th e  u n d e r l y i n g  
m o le c u l a r  s t r u c t u r e s  o f  ch em ica l  s u b s t a n c e s  d i r e c t l y .  The 
deve lopm ent  o f  th e  c o n c e p t  o f  v a l e n c y  was d e c i s i v e ,  f o r  i t  
l e d  to  r u l e s  g o v e rn in g  th e  w r i t i n g  o f  s t r u c t u r a l  f o r m u la e .
A n o th e r  c o n c e p tu a l  scheme of  g r e a t  s i g n i f i c a n c e  f o r  
i d e a s  o f  s t r u c t u r e  o f  m a t t e r  was th e  i d e a  o f  Le Bel and 
v a n ' t  Hoff  (187U) o f  th e  t h r e e - d i m e n s i o n a l  a r rangem en t  o f  
a to m s .  This  i d e a  d id  n o t  r e a l i s e  i t s  f u l l  impetus u n t i l  
1950 when D.H.R. B a r to n  p u b l i s h e d  h i s  p i o n e e r i n g  p a p e r  
on c o n f o r m a t i o n a l  a n a l y s i s ,  r e l a t i n g  c h e m ic a l  r e a c t i v i t y  
o f  s t e r o i d s  and p o l y c y c l i c  t e r p e n o i d s  to  c o n f o r m a t i o n .
S ince  t h e n ,  th e  o r g a n ic  c h e m is t  has  been  co nce rned  w i t h  
t h e  p h y s i c a l  and c h em ica l  p r o p e r t i e s  and r e a c t i v i t y  o f  
o r g a n ic  m o le cu le s  i n  g r e a t e r  d e p th  and t h e r e f o r e  he w i l l
u t i l i s e  e x p e r i m e n t a l  and t h e o r e t i c a l  m ethods ,  which 
s u p p ly  d e t a i l e d  i n f o r m a t i o n  of  th e  geometry  and thermo­
dynamic p r o p e r t i e s  o f  m o le c u l e s ,  and which a re  s i m p le ,  
r e l i a b l e  and e c o n o m ic a l .
When s t r u c t u r a l  f e a t u r e s  o f  th e  m o lecu le  (bond 
a n g l e s ,  bond l e n g t h s ,  t o r s i o n a l  a n g l e s ,  nonbonded d i s t a n c e s )  
d e p a r t  from t h e i r  o p t im a l  v a l u e s ,  t h e  m olecu le  i s  s a i d  to  
be s t r a i n e d .  O f te n ,  f u n c t i o n a l  u n i t s  a re  th e  s t a n d a r d s  o f  
c h o ic e  and,  f o r  example ,  n o n - l i n e a r  c a rb o n  -  c a rb o n  
t r i p l e  bo n ds ,  t w i s t e d  o l e f i n i c  l i n k a g e s ,  and n o n p la n a r  
benzene  r i n g s  a r e  f e a t u r e s  i n d i c a t i n g  m o le c u la r  s t r a i n .  
While  s t r a i n  i s  q u a l i t a t i v e l y  an i n t u i t i v e  and s im p le  
s u b j e c t ,  a good d e a l  o f  c o m p le x i ty  e n t e r s  when q u a n t i t ­
a t i v e  r e s u l t s  a r e  d e s i r e d  e . g .  i n  th e  s t u d y  o f  c h em ica l  
r e a c t i v i t y  o r  when com par ison  be tw een  f o r m a l l y  u n r e l a t e d  
m o le c u le s  i s  a t t e m p t e d ,  and,  as a r e s u l t ,  d a t a  c o n c e rn in g  
m o le c u l a r  s t r a i n  i s  r e l a t i v e l y  s c a r c e .
E x i s t i n g  e x p e r i m e n t a l  t e c h n iq u e s  f o r  d e t e r m i n i n g  
m o le c u l a r  s t r u c t u r e  and e n e rg y  e . g .  s p e c t r o c o p y  (NMR, IR, 
ORD/CD), d i f f r a c t i o n  ( X - r a y s ,  e l e c t r o n s ,  n e u t r o n s ) ,  
c a l o r i m e t r y  and e l e c t r o c h e m i s t r y  a l l  have  t h e i r  l i m i t a t i o n s  
and d raw b ac k s .  A l l  a r e  t im e-consum ing  a t  b e s t  and ,  w i th  
t h e  e x c e p t i o n  o f  d i f f r a c t i o n ,  g iv e  r i s e  t o  in co m p le te  
d e s c r i p t i o n s  o f  geometry  a n d / o r  e n e r g y ,  w h i l e  th e  d i f f ­
r a c t i o n  methods g iv e  no i n f o r m a t i o n  r e g a r d i n g  e n e r g i e s .
F o r  many y e a r s ,  c h e m is t s  have a t t e m p te d  to  overcome
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e x p e r i m e n t a l  d i f f i c u l t i e s  by c a l c u l a t i n g  th e  geometry  and 
e n e rg y  o f  a g iv e n  m olecu le  u s i n g  d i f f e r e n t  a p p ro a c h e s .
One ap p ro a ch  in v o lv e s  th e  c a l c u l a t i o n  o f  m o le c u la r  
p r o p e r t i e s  e . g .  e n e r g y ,  geom etry ,  e l e c t r o n  d e n s i t y ,  by 
quantum m ec h an ic s .  A l though  a b - i n i t i o  quantum m echan ica l  
c a l c u l a t i o n s  a re  t h e o r e t i c a l l y  sound ,  t h e y  a re  i m p r a c t i c a l  
f o r  m o le cu le s  o f  about  more th a n  tw en ty  atoms as t h e y  use  
v a s t  amounts o f  computer  t ime -  the  t ime r e q u i r e m e n t  goes 
up as n^ where n i s  t h e  number o f  o r b i t a l s .  A l t e r n a t i v e l y ,  
s e m i - e m p i r i c a l  ( s i m p l i f i e d )  quantum m ec h a n ic a l  t r e a t m e n t s  
(EHT, CNDO, MINDO) co u ld  be used b u t  the  r e s u l t s  o b t a i n e d  
a re  r a t h e r  r e s t r i c t e d  b eca u se  o f  th e  u n c e r t a i n t i e s  i n t r o ­
duced by th e  v a r i o u s  a p p r o x i m a t i o n s .
M o lecu la r  mechanics  c a l c u l a t i o n s  ( o r  e m p i r i c a l  
f o r c e - f i e l d  c a l c u l a t i o n s ) ,  on th e  o t h e r  hand ,  a r e  l e s s  
t im e-consum ing  t h a n  th e  quantum m echan ica l  c a l c u l a t i o n s  -  
t h e  computer  t ime r e q u i r e m e n t  goes up by where N i s  the  
number o f  atoms and a r e  r e l a t i v e l y  e a s y  t o  p e r fo rm .  I n  
a d d i t i o n ,  th e  r e s u l t s  o b ta in e d  by t h i s  method, u n de r  
s u i t a b l e  c o n d i t i o n s ,  c an  be h i g h l y  r e l i a b l e  and t h e i r  
a c c u r a c y  i s  comparab le  to  t h a t  o b t a i n e d  by many o f  th e  
e x p e r i m e n t a l  t e c h n i q u e s .  U n f o r t u n a t e l y ,  t h e  s u c c e s s  o f  
t h i s  t e c h n iq u e  depends on th e  e x i s t e n c e  o f  a l a r g e  body 
o f  good e x p e r i m e n t a l  d a t a  f o r  t h e  i n i t i a l  p a r a m e t r i s a t i o n  
o f  an assumed f o r c e - f i e l d ,  which s u b s e q u e n t l y  p r o v i d e s  
i n f o r m a t i o n  on f u r t h e r  compounds, some o f  which may be 
new o r  u n o b s e rv e d ,  by a p r o c e s s  o f  e x t r a p o l a t i o n .
- 9 -
I n  th e  p a s t  few y e a r s ,  m o le c u la r  mechanics  c a l c u l ­
a t i o n s  have  been  used to  i n v e s t i g a t e  f e a t u r e s  o f  th e  
bORN-OPPENHEIMER s u r f a c e  o f  a wide c l a s s  o f  o r g a n i c  mole­
c u l e s  and have th us  h e lp e d  c o n s i d e r a b l y  i n  th e  u n d e r s t a n d i n g  
o f  v a r i o u s  a s p e c t s  o f  o r g a n i c  c h e m is t r y  i n c l u d i n g  m o le c u la r  
c o n f o r m a t i o n s ,  m o le c u la r  thermodynamic, p r o p e r t i e s , r e a c t i o n  
mechanisms,  k i n e t i c s ,  v i b r a t i o n a l  s p e c t r a  and th e  i n t e r ­
p r e t a t i o n  o f  dynamic NMR s p e c t r a .  At p r e s e n t  r e l i a b l e  
c a l c u l a t i o n s  can  o n ly  be made f o r  a l i m i t e d  ran g e  o f  
compounds c o m p r i s in g  a l k a n e s ,  a l k e n e s ,  a ld e h y d e s ,  k e t o n e s ,  
e s t e r s  and p e p t i d e s  w i t h  up to  UO to  50 atoms p e r  m o le c u le .
There  a r e  many rev ie w s  on m o le c u la r  mechanics
2 - 8
c a l c u l a t i o n s  which a r e  r e l e v a n t  to  t h e  p r e s e n t  d i s c u s s i o n .
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1 . 2  P o t e n t i a l  F u n c t io n s  and Force  F i e l d s
A l though  t h e r e  a re  o f t e n  c o n s i d e r a b l e  d i f f e r e n c e s
i n  th e  d e t a i l e d  t e c h n i q u e s ,  a l l  methods e x p re s s  the  
m o le c u l a r  s t r a i n  en e rg y  as a sum o f  c o n t r i b u t i o n s  from 
i n t e r a c t i o n s  such  as b o n d - s t r e t c h i n g ,  v a l e n c e  a n g le  
d e f o r m a t io n s  and nonbonded c o n t a c t s .
geom etry  i s  u s u a l l y  s p e c i f i e d  by a s e t  o f  o r d i n a r y  
c r y s t a l  o r  o r th o g o n a l  c o - o r d i n a t e s .  I t  i s  assumed t h a t  
t h e r e  i s  a n a t u r a l  ( o r  s t r a i n - f r e e )  bond l e n g t h  be tw een  
two atoms bonded t o g e t h e r  and a n a t u r a l  bond a n g le  be tween  
a g iv e n  s e t  o f  a tom s.  D e v i a t i o n s  c ause  e n e rg y  changes  
d e f i n e d  by i n t e r a c t i o n  p o t e n t i a l s .  S i m i l a r l y  t o r s i o n  and 
van  d e r  W aa l ' s  p o t e n t i a l s  can  be r e l a t e d  to  s t a n d a r d  
v a l u e s .  A computer  program now moves atoms by a s p e c i f i e d
in c re m e n t  ( u s u a l l y  0.00001 A),  d e r i v e s  the  t o t a l  r e s u l t a n t  
e n e rg y  and c o n t i n u e s  u n t i l  i t  f i n d s  a minimum o f  e n e r g y .  
Using  i n t e r a c t i o n  p o t e n t i a l s ,  d e r i v e d  i n  p a r t  e x p e r i m e n t a l l y ,  
one c an  c a l c u l a t e  the. e n e r g i e s  o f  o r g a n i c  m o le cu le s  as a 
f u n c t i o n  o f  v a r i o u s  g e o m e tr ic  p a r a m e t e r s .
e n e r g y ) ,  V_, o f  a m olecu le  i s  g iv e n  by th e  sum o f  s i x
5
components ,  which a re  assumed to  be i n d e p e n d e n t  o f  one 
a n o t h e r  i n  th e  s i m p l e s t  t r e a t m e n t s  and which a r e  model 
dependen t
I n  v a le n c e  f o r c e - f i e l d  m ethods ,  th e  m o le c u la r
o
The t o t a l  m o le c u la r  p o t e n t i a l  e n e rg y  ( o r  th e  s t e r i c
' U I T * x  q r
V and a re  t h e  components o f
( O
where V.
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e n e r g y  which r e s u l t s  from bond l e n g t h  d e f o r m a t i o n ,  bond 
a n g le  d e f o r m a t io n  (Baeyer  s t r a i n ) ,  t o r s i o n a l  s t r a i n  
( P i t z e r  s t r a i n ) ,  o u t - o f - p l a n e  d e fo r m a t io n s  a t  t r i g o n a l  
a to m s ,  coulombic  i n t e r a c t i o n s  and nonbonded i n t e r a c t i o n s  
r e s p e c t i v e l y .
I n  th e  above t r e a t m e n t ,  c r o s s  terms which a cc o u n t  
f o r  c o u p l i n g  between th e  components e . g .  s t r e t c h - s t r e t c h  t e rm ,  
s t r e t c h - b e n d  term and bend-bend terms a re  n e g l e c t e d  as 
t h e y  u s u a l l y  a re  v e r y  s m a l l .
( a )  Bond L eng th  D efo rm at ions
I n t u i t i v e l y ,  a chem ica l  bond may be e n v i s io n e d  as 
a s p r i n g  and th u s  t h e r e  i s  a ”n a t u r a l "  bond l e n g t h .  The 
p o t e n t i a l  en e rgy  s t o r e d  i n  a m o lecu le  due to  bond l e n g t h  
d e f o r m a t i o n  may be computed u s in g  Hooke’s Law.
V, = I ? k  (1 -  l o ) 2 (2 )
1
where ^  i s  th e  u n s t r a i n e d  l e n g t h ,  1 i s  t h e  obse rved  
l e n g t h  and i s  the  f o r c e  c o n s t a n t  depend ing  on th e  
s t i f f n e s s  o f  th e  bond .
T h is  term  w i l l  be s i g n i f i c a n t  i f  t h e r e  a r e ,  i n  th e
m o le c u le ,  one o r  more bonds which a re  f o r c e d  by t h e i r
en v iro n m en t  to  have u n n a t u r a l  bond l e n g t h s .  D e fo rm a t io n
o f  bond l e n g t h s  i s  an e n e r g e t i c a l l y  c o s t l y  p r o c e s s  e . g .
ot o  s t r e t c h  o r  compress a s i n g l e  bond by o n ly  0 .0 3  A 
c o s t s  0 . 3  k c a l . / m o l e .
(b)  Bond Angle D efo rm a t ion
The use  o f  Hooke’s law t o  d e s c r i b e  bond a n g le  
d e f o r m a t i o n s  i s  o n ly  a good a p p ro x im a t io n  f o r  s m a l l  a n g u la r
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d i s p l a c e m e n t s  b eca u se  o f  th e  anharraonic n a t u r e  o f  m o le c u le s .
I n  o r d e r  to  q u a n t i f y  l a r g e  d e fo r m a t io n s  ( £ a . 2 5 ° ) ,  i t  i s
n e c e s s a r y  to  i n t r o d u c e  a d d i t i o n a l  terms i n t o  th e  harmonic
e x p r e s s i o n .  This  i s  u s u a l l y  i n  the  form o f  a c u b ic  term
and th e  f o l l o w i n g  type  of  e x p r e s s i o n  i s  b e s t  s u i t e d  to  
9o u r  model .
Ve  = I H e  (Ao2 -  k1e A e 3 ) ,  (3)
e
where A e  = e -  e Q» e b e in g  obse rved  bond a n g l e ,  e Q i s  th e
e q u i l i b r i u m  bond a n g l e ,  k i s  the  f o r c e  c o n s t a n t  d e pend ing©
1on the  s t i f f n e s s  o f  the  v a l e n c y  a n g le s  and k i s  th e  c u b ic©
f o r c e  c o n s t a n t .
Bond a n g le  d e f o r m a t i o n  i s  an e n e r g e t i c a l l y  cheap  
p r o c e s s  e . g .  to  deform a C-C-C bond a n g le  by 1°  from i t s  
p r e f e r r e d  lo w e s t  e n e rg y  v a lu e  c o s t s  o n ly  abou t  0.01 k c a l /  
mole and th u s  bond a n g le  v a r i a t i o n  i s  common.
( c ) T o r s i o n a l  s t r a i n
A c o n c e p t ,  l o n g  l a b e l l e d  as P i t z e r  s t r a i n ,  a r i s e s  
f rom 1 , 2 i n t e r a c t i o n s  'be tween groups a t t a c h e d  t o  
c o n t ig u o u s  c a rb o n  a tom s.  V a r i a t i o n s  o f  t o r s i o n  a n g le s  
from t h e i r  most e n e r g e t i c a l l y  f a v o u r a b l e  p o s i t i o n  i s  t a k e n  
i n t o  acco un t  i n  th e  f o l l o w i n g  manner -
v, . = Zi . (1 + s cos  n i o  ) ,  (4 )
U) OJ w
where k ^  i s  the  b a r r i e r  t o  f r e e  r o t a t i o n ,  S assumes the
v a l u e  o f  -  1 f o r  C =C-C-C and OG-C-H r o t a t i o n s  i . e .
where th e  minimum i s  an e c l i p s e d  c o n f o r m a t io n ,  and the  
v a l u e  o f  +1 f o r  a l l  r o t a t i o n s  around s i n g l e  b o n d s ,  n i s  
t h e  p e r i o d i c i t y  i . e .  t h e  no .  o f  t im es  th e  same conform ­
a t i o n  o c c u r s  i n  one r e v o l u t i o n ,  and CO i s  th e  ob se rved  
d i h e d r a l  a n g l e .
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This  e x p r e s s i o n  assumes t h a t  th e  h a r r i e r  h e i g h t  i s  
i n s e n s i t i v e  to  th e  changes  i n  th e  n a t u r e  o f  th e  s u b s t i t u e n t  
and t h a t  e ach  e c l i p s i n g  i n t e r a c t i o n  makes an e q u a l  c o n t r i b ­
u t i o n  t o  th e  b a r r i e r .  The e n e rg y  b a r r i e r s  have been  fo u n d ,  
e x p e r i m e n t a l l y ,  to  be d e p e n d e n t ,  t o  some e x t e n t ,  on th e  
number o f  s u b s t i t u e n t s  b u t  r e a s o n a b l y  i n s e n s i t i v e  to  t h e i r  
n a t u r e •
The t o r s i o n  a n g le s  a re  s ig n e d  q u a n t i t i e s  c o r r e s ­
pond ing  to  th e  P r e l o g - I n g o l d  c o n v e n t io n  which  i s  adopted  
by  c o n f o r m a t i o n a l  a n a l y s i s t s  (as  opposed t o  s p e c t r o -
s c o p i s t s ) :
/
/
/
v
B.C
. /view N \
VN
B.C
A must be r o t a t e d  
c lo c k w ise  to  e c l i p s e  D 
and th e  t o r s i o n  a n g le  i s  
p o s i t i v e •
A must be r o t a t e d  a n t i ­
c lo c k w is e  t o  e c l i p s e  E 
and th e  t o r s i o n  a n g le  i s  
n e g a t i v e .
Theory ,  to  accoun t  f o r  th e  o r i g i n  o r  p h y s i c a l  
phenomena from which th e  r o t a t i o n a l  b a r r i e r  a r i s e s  i s  f a r
10
from mute and i s  f i l l e d  w i t h  a p p a r e n t  c o n c e p tu a l  c o n f l i c t s .
The quantum m ec h an ica l  r e s u l t s  a r e  c o n s i s t e n t  w i t h  
t h e  view t h a t  th e  b a r r i e r  a r i s e s  from i n t e r a c t i o n s  among 
atoms n o t  f o r m a l l y  bound t o  one a n o t h e r  and i t  i s  t h e r e f o r e
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n e c e s s a r y  t o  c o n s i d e r  r e p u l s i o n  ene rg y  be tw een  s u b s t i t u e n t s ,  
e l e c t r o n i c  k i n e t i c  e n e r g y ,  e l e c t r o n - e l e c t r o n  r e p u l s i o n  and 
n u c l e a r -  e l e c t r o n i c  a t t r a c t i o n .  Whatever  the  e x p l a n a t i o n ,  
t h e  o m is s io n  o f  t h i s  term from th e  model ,  i n t r o d u c e s  
g rave  e r r o r s .
( d ) Out -  o f  -  P lane  D efo rm a t ion
When f o u r  g roups ( o r  a toms) a t t a c h e d  t o  an o l e f i n i c  
l i n k a g e  o r  two groups ( o r  a toms) a t t a c h e d  t o  a c a r b o n y l  
group  d e v i a t e  s i g n i f i c a n t l y  from c o p l a n a r i t y  w i t h  th e  
t r i g o n a l  c e n t r e s ,  the  TT-bond i s  weakened due t o  p oo r  o v e r ­
l a p ,  Out -  o f  -  p l a n e  ben d in g  p o t e n t i a l s ,  i n  a d d i t i o n  t o  
p u re  t o r s i o n a l  p o t e n t i a l s ,  must be added t o  e n s u r e  p r o p e r  
geometry  and e n e rg y  r e p r e s e n t a t i o n  o f  e t h y l e n i c  compounds 
and k e t o n e s .  The p o t e n t i a l  e n e rg y  s t o r e d  i n  th e  m o lecu le  
as  a r e s u l t  o f  t h i s  d e f o r m a t io n  i s  a ccoun ted  f o r  i n  th e  
f o l l o w i n g  manner.
Vx  = I i k x  (180 - X )2 (5)
X
where k ^  i s  th e  o u t - o f - p l a n e  b e n d in g  f o r c e  c o n s t a n t  and X 
i s  th e  im proper  t o r s  ion- a n g le  a t  t r i g o n a l  a tom s.
( e )  Coulombic I n t e r a c t i o n  Energy
Coulombic (o r  e l e c t r o s t a t i c )  i n t e r a c t i o n s  i n f l u ­
ence  s t e r i c  r e p u l s i o n s  i n  m o lecu le s  which p o s s e s s  a d i p o l e  
e . g .  k e t o n e s ,  am ides ,  and c o n s e q u e n t ly  must be t a k e n  i n t o  
a c c o u n t  i n  any q u a n t i t a t i v e  t r e a t m e n t  o f  m o le c u la r  
c o n fo r m a t io n  and e n e r g y .  Accord ing  t o  c l a s s i c a l  e l e c t r o ­
s t a t i c  t h e o r y ,  th e  e l e c t r o s t a t i c  i n t e r a c t i o n  e n e rg y  Vq i s  
g iv e n  b y : -
Vq = Qi q-j , (6 )
where D i s  th e  e f f e c t i v e  d i e l e c t r i c  c o n s t a n t  f o r  i n t e r ­
a c t i o n s  be tween ch a rged  a tom s,  q  ^ , q-j i s  th e  c h a rg e  on
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atoms i and j and r . . i s  th e  d i s t a n c e  be tween  atoms i, and
( f )  Nonbonded I n t e r a c t i o n  E n e r g i e s
Non-bonded i n t e r a c t i o n s  a r e  th e  most t ro u b le so m e  
components o f  th e  s t e r i c  en e rg y  and a re  th e  a t t r a c t i v e  and 
r e p u l s i v e  f o r c e s  t h a t  e x i s t  be tween two atoms o r  groups  
o f  atoms s u f f i c i e n t l y  c l o s e  i n  space  ( e i t h e r  i n t r a -  o r  
i n t e r m o i e c u l a r )  b u t  n o t  d i r e c t l y  bonded t o  one a n o t h e r .  
These f o r c e s  a r e  q u a l i t a t i v e l y  a p p a r e n t  from th e  e x i s t e n c e  
o f  l i q u i d s  and s o l i d s  on one hand and from t h e i r  r e l a t i v e  
i n c o m p r e s s i b i l i t y  on th e  o t h e r .
F o r  an i s o l a t e d  p a i r  o f  s p h e r i c a l l y  symmetric  atoms 
( o r  m o l e c u l e s ) ,  th e  p o t e n t i a l  e n e rg y  i s  a f u n c t i o n  o f  th e  
s e p a r a t i o n  o f  th e  a tomic  (o r  m o le c u l a r )  c e n t r e s  and has  the  
a p p ro x im a te  form,  i l l u s t r a t e d  be low .
E q u il ib r iu m  s e p a r a t io n
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F o r  n o n - s p h e r i c a l  atoms ( o r  m o l e c u l e s ) ,  th e  p o t e n t i a l
e n e rg y  depends a l s o  on the  o r i e n t a t i o n  o f  the  atoms (o r  
11 12m o le c u le s )  9 and would t h e r e f o r e  r e q u i r e  an a d d i t i o n a l  
p a r a m e t e r  i n  th e  p o t e n t i a l  f u n c t i o n ,  b u t  t h i s  problem has 
n o t  as  y e t  been  so lved*
The f o r c e s  be tween atoms (o r  m o le c u le s )  may be
o b t a i n e d  from th e  g r a d i e n t  o f  th e  p o t e n t i a l  ene rg y  curve
o
and f o r  s m a l l  s e p a r a t i o n s  ( l e s s  th an  3A), the  f o r c e s  a re
o
r e p u l s i v e  and f o r  l a r g e r  s e p a r a t i o n s  ( g r e a t e r  than i+ A ) ,  
t h e y  a re  a t t r a c t i v e *
I n  p r i n c i p l e ,  the  p o t e n t i a l  cu rve  ( a l s o  r e f e r r e d  to
as  van  d e r  Waals p o t e n t i a l )  f o r  any p a r t i c u l a r  p a i r  o f
atoms can  be c a l c u l a t e d  from a c o n s i d e r a t i o n  o f  the
d e v i a t i o n  o f  th e  c o r r e s p o n d in g  gas from i d e a l  b eh av io u r*
However, i n  p r a c t i c e ,  th e  p o t e n t i a l  c u rv e s  have proved
d i f f i c u l t  t o  measure e x p e r i m e n t a l l y  and a c c u r a t e  van  d e r
1 3Waals p o t e n t i a l s  a re  a v a i l a b l e  o n ly  f o r  r a r e  g a se s  and 
a few s p e c i a l  c a s e s  e . g .  N2 and CH^. This  i s  u n f o r t u n a t e  
s i n c e  t h e y  a r e  r e s p o n s i b l e  f o r  a l a r g e  p r o p o r t i o n  o f  the  
s t r a i n - c a u s i n g  d e f o r m a t io n s  i n  m o le cu le s  and c o n s e q u e n t l y ,  
s t r o n g l y  i n f l u e n c e  m o le c u la r  geom etry ,  v i b r a t i o n a l  
f r e q u e n c i e s  and e n t h a l p y .
The f u n c t i o n a l  form Vr which d e s c r i b e s  i n t r a m o l e c ­
u l a r  nonbonded i n t e r a c t i o n s  i s  u s u a l l y  t a k e n  o v e r  from
known o r  assumed i n t e r a t o m i c  o r  i n t e r m o l e c u l a r  i n t e r a c t i o n  
1Up o t e n t i a l s .  A l though  t h e r e  i s  no c l e a r  p h y s i c a l  b a s i s  
f o r  t h i s  e x t r a p o l a t i o n ,  t h i s  method has  proved t o  be 
s a t i s f a c t o r y  and r e a s o n a b l y  s u c c e s s f u l  even  a l t h o u g h  i t  
n e g l e c t s  t h e  n a t u r e  o f  th e  m a t e r i a l  be tw een  th e  a tom s.
The two most w id e ly  used ty p e s  o f  i n t e r m o l e c u l a r  i n t e r ­
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a c t i o n  p o t e n t i a l s  which have "been used to  d e s c r i b e  i n t r a ­
m o le c u l a r  nonbonded i n t e r a c t i o n s  a r e  the  two -  p a ra m e te r  
L e n n a rd - J o n e s  p o t e n t i a l  (7)  and t h r e e - p a r a m e t e r  Buckingham 
p o t e n t i a l  ( 8 ) .
V ( r )  = A/RK -  B/R , w i t h  H = 12 o r  9 (7)
V ( r )  = A exp ( -  ER) -  C/R^ ( 8 )
I n  b o t h  (7)  and ( 8 ) ,  th e  f i r s t  term d e s c r i b e s  th e  
r e p u l s i v e  s h o r t  range  f o r c e s  which o c c u r  when th e  d i s t a n c e  
be tw een  th e  c e n t r a l  atoms i s  l e s s  t h a n  the  sum o f  the  
v a n  d e r  Waals r a d i i  and which r e s u l t  from a b a l a n c e  be tw een  
n u c l e a r  r e p u l s i o n s ,  e l e c t r o n i c  k i n e t i c  e n e r g i e s ,  e l e c t r o n i c  
r e p u l s i o n s  and n u c l e a r -  e l e c t r o n i c  a t t r a c t i o n s *  The 
second term i n  (7)  and ( 8) i s  e a s i e r  to  e s t i m a t e  and 
a c c o u n t s  f o r  th e  London d i s p e r s i o n  f o r c e s .
The p r e c i s e  form o f  the  p o t e n t i a l  which was used i n
th e  development  o f  th e  W h i t e - B o v i l l  a l k a n e / a l k e n e  f o r c e -
9 15f i e l d  » was d e r i v e d  by W il l iams by a l e a s t - s q u a r e s
p r o c e d u r e  t o  r e p r e s e n t  i n t e r m o l e c u l a r  i n t e r a c t i o n s  i n
c r y s t a l l i n e  hy d ro ca rbo n s  e . g .  h e a t s  o f  s u b l i m a t i o n ,  l a t t i c e
c o n s t a n t s  and s t r u c t u r a l  d e t a i l s  and has  th e  f o l l o w i n g  form,
Vr = Z  £ ( -  2/cxJ* + exp (1 2 (1 - o c ) ) )  ( 9 )
r
where th e  e x p r e s s i o n s  i s  summed o v e r  a l l  p a i r s  o f  non­
bonded atoms s e p a r a t e d  by t h r e e  o r  more bonds ( d i f f e r e n t  
c o n v e n t io n s  a re  adopted  by o t h e r  w orkers  i n  th e  f i e l d ) .
Bond s t r e t c h i n g  p o t e n t i a l s  t ake  a cc o u n t  o f  th e  van  d e r  
Waals i n t e r a c t i o n  be tw een  atoms t h a t  a re  bonded t o  each
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o t h e r ,  w h i l e  bond a n g le  bend ing  p o t e n t i a l s  a l lo w  f o r  
nonbonded i n t e r a c t i o n s  be tween atoms bound to  a common 
atom*
T his  e x p r e s s i o n  ( 9 )  assumes t h a t  th e  t o t a l  van  d e r  
Waals i n t e r a c t i o n  e n e rg y  i s  e q u a l  t o  the  sum o f  th e  e n e r g i e s  
o f  each  p a i r  o f  ( s p h e r i c a l )  atoms ( “p a i r w i s e  a d d i t i v e  
f o r m u l a t i o n " ) .  I t  has  been  shown t h a t  t h i s  method g iv e s  
some i n c o r r e c t  r e p r e s e n t a t i o n s ,  p a r t i c u l a r l y  i f  i n t e r ­
a c t i n g  sys tem s a re  n o t  l o c a l i s e d ,  b u t ,  a t  p r e s e n t ,  t h e r e  i s  
no s a t i s f a c t o r y  a l t e r n a t i v e  and i t  i s  hoped t h a t  some o f  
t h e s e  a p p ro x im a t io n s  may be averaged  ou t  o r  ab so rb ed  i n  
th e  p a r a m e t r i z a t i o n  o f  th e  f o r c e - f i e l d ,  p a r t i c u l a r l y  i f  
c a r e  i s  t a k e n  i n  th e  e v a l u a t i o n  o f  a d j u s t a b l e  p a ra m e te r s  
(c*and £ )  i n  ( 9 ) ,  f o r  example ,  by i n c l u d i n g  e x p e r i m e n t a l  
d a t a  w i t h  sm a l l  s e p a r a t i o n s  s i n c e  p o t e n t i a l  f u n c t i o n s  a re  
l e a s t  r e l i a b l e  i n  t h i s  a r e a .
In  ( 9  ) ol i s  a f u n c t i o n  o f  th e  d i s t a n c e  c o - o r d i n a t e
p
a lo n e  and i s  e q u a l  to  ------------  where r  i s  van  d e r  Waals* *
r 1 r 2d i s t a n c e  be tween atoms '1 and 2 , and r^ * and r ^ *  a r e  the  
van  d e r  Waals r a d i i  o f  atoms 1 and 2 .  £ i s  a f u n c t i o n  o f
t h e  e n e rg y  c o - o r d i n a t e  and i s  a p a ra m e te r  which v a r i e s  w i th  
t h e  s i z e  o f  th e  atom, s i n c e  i t  i s  c l e a r l y  more d i f f i c u l t  to  
push  two l a r g e  a tom s,  l i k e  i o d i n e ,  t o g e t h e r  to  some sm a l l  
v a l u e  o f  t h a n  i t  i s  to  push two sm a l l  atoms to  th e  same 
v a lu e  o f  0 6 . I n  some f o r c e  f i e l d s ,  th e  v a lu e  o f  £ f o r  a 
p a i r  o f  d i s s i m i l a r  atoms i s  t a k e n  to  be th e  g e o m e t r i c  mean 
o f  th e  v a l u e s  f o r  i d e n t i c a l  p a i r s  o f  th e  d i f f e r e n t  atoms
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i n t e r a c t i n g ,  w h i l e  i n  o t h e r s ,  £ i s  an i n d e p e n d e n t  p a r a m e t e r .  
However, i n  v iew o f  th e  a fo re m en t io n e d  a p p r o x i m a t i o n s ,  i t  
would a p p e a r  more s e n s i b l e  to  have as many in d ep e n d en t  non­
bonded p a ra m e te r s  as p o s s i b l e  and use  th e  g e o m e tr ic  mean 
as  th e  s t a r t i n g  v a lu e  o f  £ i n  p a r a m e t r i s a t i o n s  i n  such  
c a s e s •
Some te rm s which w i l l  a p p e a r  i n  f u t u r e  d i s c u s s i o n s  
c o n c e r n i n g  nonbonded p o t e n t i a l  f u n c t i o n s  and p a ra m e te r s  
a r e  d e f i n e d  as f o l l o w s .
a " h a r d ” atom i s  one f o r  which th e  p l o t  o f  th e  f o r c e  
v e r s u s  d i s t a n c e  shows a s t e e p  s l o p e ,  
a " s o f t "  atoms i s  one f o r  which th e  p l o t  o f  f o r c e  
v e r s u s  d i s t a n c e  shows a g e n t l e  s l o p e ,  
a " b i g g e r "  atoms i s  one where th e  e q u i l i b r i u m  
s e p a r a t i o n  i s  s l i d  f u r t h e r  to  th e  r i g h t ,  
a " s m a l l e r "  atom i s  one where the  e q u i l i b r i u m  
s e p a r a t i o n  i s  s l i d  f u r t h e r  to  th e  l e f t .
The r e f e r e n c e  g e o m e t r i e s ,  f o r c e  c o n s t a n t s  and the  
e x p r e s s i o n s  f o r  th e  p o t e n t i a l  e n e rg y  components o f  th e  
s t e r i c  e n e rg y  a re  r e f e r r e d  to  c o l l e c t i v e l y  as th e  f o r c e  
f i e l d .  The m ajor  ty p e s  o f  f o r c e  f i e l d  used  i n  v i b r a t ­
i o n a l  a n a l y s i s  and m o le c u la r  mechanics  a r e  th e  v a l e n c e  
f o r c e  f i e l d  (VFF), which  i s  d e s c r i b e d  above,  and the  
U re y -B ra d le y  f o r c e  f i e l d  (UBFF). The UBFF c o n t a i n s  
c o n t r i b u t i o n s  due to  bond s t r e t c h i n g ,  bond r o t a t i o n  and 
a n g le  b e n d in g ,  i n c l u d e s  a l l  nonbonded i n t e r a c t i o n s > even  
th o s e  be tw een  atoms s e p a r a t e d  by  two bonds i . e .  1 , 3  
i n t e r a c t i o n s  and om its  c r o s s  t e r m s .
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The VPF i s  more g e n e r a l  and can  always he m od if ied  
i n  such  a way as  to  a c h ie v e  a b e t t e r  f i t  be tw een  observed  
and c a l c u l a t e d  q u a n t i t i e s ,  however,  t h e r e  a r e  computer  
programming c o m p l e x i t i e s  a s s o c i a t e d  w i t h  th e  i n t r o d u c t i o n  
o f  c r o s s  te rm s and th e  t im e-consum ing  e f f o r t  t o  a s s e s s  
them. The UBFF i s ,  however ,  l e s s  c o m p l ica te d  t h a n  th e  
VFF.
There  i s  a n o th e r  type  o f  f o r c e  f i e l d ,  the  c e n t r a l  
f o r c e  f i e l d ,  which assumes t h a t  m o lecu le s  a re  h e ld  t o g e t h e r  
by  f o r c e s  a c t i n g  a lo ng  l i n e s  be tween each  p a i r  o f  a tom s,  
b u t  t h i s  ty pe  o f  f o r c e  f i e l d  i s  r a r e l y  u s e d .
1 . 3  D e t e r m in a t io n  o f  H eats  o f  Fo rm a t ion
The e n e rg y  m in im i s a t i o n  program used i n  f o r c e  f i e l d  
c a l c u l a t i o n s ,  m in im ises  th e  en e rgy  w i th  r e s p e c t  to  the  
c a r t e s i a n  c o - o r d i n a t e s  and s u p p l i e s  the  d e t a i l e d  geom etry ,  
t h e  s t e r i c  e n e rg y  components and the  t o t a l  s t e r i c  e n e r g y ,
Vs ,  o f  d i f f e r e n t  c o n f o r m a t i o n a l  minima o f  a m o le c u le .
The s t e r i c  e n e rg y ,  Vs ,  c o r r e s p o n d s  to  an i s o l a t e d  m olecu le  
i n  a " h y p o t h e t i c a l  m o t i o n l e s s  s t a t e  a t  0°K" I n  o r d e r
t o  compare th e  c a l c u l a t e d  s t e r i c  e n e rg y ,  Vs, ( o f  a 
m o le c u le )  w i t h  an e x p e r i m e n t a l  q u a n t i t y ,  u s u a l l y  th e  h e a t  
o f  f o r m a t i o n ,  A H 0f  (which i s  d e f i n e d  as t h e  h e a t  ab so rbed  
o r  r e l e a s e d  upon f o r m a t i o n  o f  th e  compound from the  
s t a n d a r d  s t a t e s  o f  th e  e le m e n ts  composing i t . )  i t  i s  n e c e s s a r y  
t o  t a k e  a cc o u n t  o f  t h e  e n t h a l p i e s  o f  v i b r a t i o n ,  r o t a t i o n  and 
t r a n s l a t i o n  and th e  v i b r a t i o n a l  zero  p o i n t  e n e r g y .
These can  be induced by making e m p i r i c a l  c o r r e c t i o n s
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(g roup  o r  bond c o n t r i b u t i o n s )  o r  v i a  s t a t i s t i c a l  m e c h an ic s .
The f i r s t  app roach  e . g .  group in c rem en t  scheme, 
assumes t h a t ,  w i t h i n  l i m i t s ,  m o le c u la r  s t r u c t u r a l  groups 
have  t h e  same c o n t r i b u t i o n  to  th e  h e a t  o f  f o r m a t i o n  r e g a r d ­
l e s s  o f  t h e  n a t u r e  o f  th e  t o t a l  m o le c u la r  s t r u c t u r e .
T h is  i s  n o t  an u n r e a s o n a b le  a s su m p t io n  ( se e  T ab le  1 ) i f  
i t  i s  remembered t h a t  e x p e r i m e n t a l  h e a t s  o f  f o r m a t i o n  a re  
th e m se lv e s  u n c e r t a i n  t o  a few t e n t h s  o f  a k c a l . / m o l e .  The 
e n t h a l p y  o f  f o r m a t i o n  o f  a m olecu le
Table  1
Compound AH °f  ( g a s ,  25°C) 
k c a l . / m o l e .
In c re m e n t ,  
k c a l . / m o l e •
° 2H6 - 2 0 . 21+ - 4 . 5 9
' 
00 
o
- 2 4 .8 3 - 5 . 5 3
S H10 -3 0 .3 6 - 4 .7 4
C5H12 - 3 5 .1 0 - 4 . 8 2
c 6H11+ - 3 9 .9 2 - 4 . 9 3
V i s • ' - 4 4 .8 5 -5 .01
° 8H1 8 - 4 9 .8 6 - 4 . 8 0
C9H20 - 54.66 - 4 .9 6
C10H22 - 5 9 .6 2
i s  c a l c u l a t e d  by add ing  th e  s t e r i c  e n e rg y ,  Vs,  to  th e  sura 
o f  a p p r o p r i a t e  group  e n t h a l p y  i n c r e m e n t s ,  which c an  be 
o b t a i n e d  from th e  s t e r i c  e n e r g i e s  and e x p e r i m e n t a l  
e n t h a l p i e s  by a l i n e a r  i e a s t - s q u a r e s  p ro c e d u re  e . g .  
f o r  5 - e t h y l i d e n e  no^bornene  -
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CH
A H ° f. ( g a s ,  25°C) = E + 3 I ( =  CH)+ 1 l ( =  C)+ 1 1 (-  C H J  + 21i s  j
(- CH2 )+ 21 (- CH) (10)
Bond in c rem en t  schemes a re  adopted  i n  a s m i l a r
f a s h i o n .  These group  and bond e n t h a l p y  in c rem en t  schemes
a r e  more c o n v e n ie n t  t h a n  t h e  s t a t i s t i c a l  mechanics  scheme
and t h e y  a l s o  t a k e  i n t o  accoun t  e r r o r s  which e x i s t  i n  th e
p a r a m e t r i z a t i o n .
I n  th e  a l t e r n a t i v e  s t a t i s t i c a l  mechanics  ap p ro a ch ,
i t  i s  n e c e s s a r y  to  add to  th e  c a l c u l a t e d  s t e r i c  e n e rg y ,  th e
r o t a t i o n a l  and t r a n s l a t i o n a l  e n t h a l p i e s  (= 3RT), th e
v i b r a t i o n a l  e n t h a l p y  and z e ro  p o i n t  e n e rg y  i n  o r d e r  to
o b t a i n  th e  c a l c u l a t e d  h e a t  o f  f o r m a t i o n .  The 3N -  6
v i b r a t i o n a l  f r e q u e n c i e s ,  V ^ ,  n e c e s s a r y  f o r  th e  e v a l u a t i o n
o f  th e  l a t t e r  two components ,  c an  be o b t a in e d  by d i a g o n a l -
—-5- ——
i s i n g  th e  m a t r i x ,  M 2 B M~2 , where B i s  t h e  m a t r i x  o f  th e  
p o t e n t i a l  e n e rg y  second d e r i v a t i v e s  and M i s  th e  d i a g o n a l
m a t r i x  o f  th e  a tomic  m as se s .  The v i b r a t i o n a l  z e ro  p o i n t
o 3N-6e n e r g y ,  , i s  g iv e n  by E y ^ o  = £ h  y  v . > where h
2 i =1 1
i s  P l a n c k ' s  c o n s t a n t ,  w h i le  a t  Tem pera ture  T, th e
v i b r a t i o n a l  e n t h a l p y ,  *s c a l c u l a t e d  as
3N-6
HVIB = kT l ^ O - e x p  ( - h V ^ / k T ) ) ,
where k  i s  B o l tzm an’s c o n s t a n t  and h i s  P l a n c k ' s  
c o n s t a n t •
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I f  th e  e n t h a l p i e s  o f  v i b r a t i o n  a re  e v a l u a t e d  f o r  
th e  d i f f e r e n t  c o n f o r m a t i o n a l  minima o f  one m o le c u le ,  i t  
i s  found t h a t  th e  v a l u e s  seldom d i f f e r  by about  more t h a n  
1 k c a l / m o l e ,  which im p l i e s  t h a t  d i f f e r e n c e s  i n  s t e r i c  
e n e r g i e s  can  be equa ted  w i t h  c o n f o r m a t i o n a l  e n e r g i e s .
I t  i s  im p o r t a n t  t h a t  c a r e  shou ld  be t a k e n  when 
e q u a t i n g  d i f f e r e n c e s  i n  s t e r i c  e n e r g y ,  d i f f e r e n c e s  i n  
e n t h a l p y  and d i f f e r e n c e s  i n  f r e e  e n e r g y .  Energy i s  more 
i n t u i t i v e l y  c o n v e n ie n t  w h i l e  e n t h a l p y  i s  more e x p e r i m e n t ­
a l l y  and th e rm o d y n am ica l ly  c o n v e n ie n t  and t h e y  a re  
i n t e r r e l a t e d  by P A v  te r m s ,
A h = Ae + p Av , (11)
u s u a l l y  th e  e r r o r s  inv o lv e d  i n  t h e s e  terms a r e  sm a l l  
u n d e r  th e  c o n d i t i o n s  o f  i n t e r e s t :  25°C (298K) and
1 a t m . p r e s s u r e .
F r e e  e n e rg y  ( AG)  i s  the  thermodynamic v a r i a b l e  
which  d e te r m in e s  r e l a t i v e  s t a b i l i t y :
A g = A h  -  tA s = -RT I n  K
where A h  i s  th e  e n t h a l p y  c h a n g e , A S  i s  th e  e n t r o p y  and 
K i s  th e  e q u i l i b r i u m  c o n s t a n t .  From t h i s  e q u a t i o n ,  i t  i s  
e v i d e n t  t h a t  t h e  f r e e  e n e rg y  i s  composed o f  an e n t h a l p y  
( o r  en e rg y )  term as w e l l  as an entropy term ( A s ) .
Whereas A h i s  e s s e n t i a l l y  t e m p e r a tu r e  in d e p e n d e n t ,  
i n c r e a s i n g  the  t e m p e r a tu re  i n c r e a s e s  the  e n t r o p y  te rm .
I n  most c a s e s ,  n e a r  ambient  t e m p e r a t u r e s ,  the  e n t h a l p y  
term d o m in a t e s .  As su c h ,  i t  i s  u s u a l l y  s a f e  t o  assume
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t a c i t l y  t h a t  i n f o r m a t i o n  abou t  A h i s  c o n c e p t u a l l y  
e q u i v a l e n t  to  t h a t  a bou t  A g . I n  any c a s e ,  i t  i s  AH 
d i f f e r e n c e s  t h a t  d e f i n e  s t r a i n  e n e rg y  and AG d i f f e r e n c e s  
t h a t  d e f i n e  r e l a t i v e  thermodynamic s t a b i l i t y .
From a knowledge o f  th e  f r e e  en e rg y  d i f f e r e n c e  be tw een  
two co n fo rm ers  a t  a p a r t i c u l a r  t e m p e r a t u r e ,  i t  i s  p o s s i b l e  
to  deduce  th e  e x t e n t  t o  which th e  c o n fo rm ers  a r e  p r e s e n t  
e . g .  A G° f o r  t h e  change gauche to  a n t i  b u t ane i s  - 0 . 3 9  
k c a l / m o l e ,  which c o r r e s p o n d s  to  an e q u i l i b r i u m  c o n s t a n t  
K v a l u e  o f  1 . 9 .  Thus a t  300°K, b u ta n e  i s  a p p ro x im a te ly  
65% a n t i  and 35% g a u c h e .
1 P a r a m e t r i z a t i o n  o f  Fo rce  F i e l d s
As p r e v i o u s l y  m en t ioned ,  t h e  f o r c e  c o n s t a n t s ,  
r e f e r e n c e  g e o m e t r i e s  and th e  p o t e n t i a l  f u n c t i o n s  a re  
r e f e r r e d  t o  c o l l e c t i v e l y  as a f o r c e  f i e l d ,  which t h e r e ­
f o r e  ' d e s c r i b e s  th e  r e s t o r i n g  f o r c e s  which o c c u r  i n  a 
m o lecu le  when th e  geometry  o f  minimal p o t e n t i a l  e n e rg y  i s  
d i s t u r b e d ' ^ .  I t  i s  t h e r e f o r e  n e c e s s a r y  to  d e r i v e  
optimum v a l u e s  f o r  th e  f o r c e  f i e l d  p a ra m e te r s  i n  such  a 
manner t h a t  th e  r e s u l t a n t  f o r c e  f i e l d  w i l l  c o r r e c t l y  
p r e d i c t  t h e  g eo m e tr ic  a n d / o r  s p e c t r o s c o p i c  a n d /o r  
thermodynamic p r o p e r t i e s  o f  a l a r g e  v a r i e t y  o f  m u l t i fo rm  
m o le c u l e s ,  w i t h i n  th e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r .
In  o r d e r  t o  a c h ie v e  t h i s  s u c c e s s ,  i t  i s  e s s e n t i a l  
t o  have a v a i l a b l e  a l a r g e  body o f  e x p e r i m e n t a l  d a t a  
which i s  b o t h  d i v e r s e  and ,  e q u a l l y  i m p o r t a n t ,  a c c u r a t e  and 
a l s o  t o  use  th e  minimum number o f  n e c e s s a r y  a d j u s t a b l e  
p a r a m e t e r s  e . g .  t o  omit  n e g l i g i b l e  c r o s s - t e r m s ,  o t h e r w i s e  
s e r i o u s  problems r e s u l t i n g  from o v e r p a r a m e t r i z a t i o n  w i l l
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a r i s e •
I n i t i a l  e s t i m a t e s  f o r  f o r c e  c o n s t a n t s  and p o t e n t i a l  
f u n c t i o n s  f o r  bond s t r e t c h i n g ,  a n g le  b e n d ing  and o u t - o f ­
p l a n e  b en d in g  a re  u s u a l l y  borrowed from v i b r a t i o n a l  a n a l y s i s  
w h i l e  bond l e n g t h s  and a n g le s  a r e  c h osen  from e l e c t r o n
d i f f r a c t i o n ,  microwave o r  X - ray  r e s u l t s .  I n  bond ang le
18 19d e f o r m a t i o n ,  i t  has  been  proved 9 t h a t  to  rep ro d u c e  
a c c u r a t e l y  e x p e r i m e n t a l  e n e r g i e s  as w e l l  as g e o m e t r i e s  
t h a t  i t  i s  v i t a l l y  im p o r ta n t  t o  use  d i f f e r e n t  s t r a i n  -  
f r e e  a n g le s  f o r  d i f f e r e n t  s u b s t i t u t i o n  o f  the  c e n t r a l  
c a r b o n  i n  th e  f o r c e  f i e l d .  The s t a r t i n g  f o r c e  c o n s t a n t  and 
p o t e n t i a l  f u n c t i o n  f o r  t o r s i o n a l  i n t e r a c t i o n s  a r e  t a k e n  
from microwave a n a l y s i s  o f  r o t a t i o n a l  b a r r i e r  d a t a .
An a c c u r a t e  d e s c r i p t i o n  o f  van  d e r  Waals c u rv e s  
f o r  nonbonded i n t e r a c t i o n s  i s  most e s s e n t i a l ,  b u t  t h e y  
a r e  now known o n ly  i n  th e  c r u d e s t  way and c o n s e q u e n t ly  th e  
nonbonded e n e r g i e s  a r e  th e  most d i f f i c u l t  t o  p a r a m e t r i z e  
f o r .  S in c e  th e  L e n n a rd -J o n e s  and Buckingham type  p o t e n t i a l s  
a r e  known t o  be l e a s t  r e l i a b l e  a t  sm a l l  i n t e r a t o m i c  s e p a r ­
a t i o n ,  i t  i s  v i t a l  t o  i n c l u d e  as much e x p e r i m e n t a l  d a t a  
which e x h i b i t  t h i s  f e a t u r e  as p o s s i b l e .
I n  p r a c t i c e ,  i t  i s  p o s s i b l e  to  o b t a i n  numerous s e t s  
o f  o p t im i s e d  p a ra m e te r s  e ach  o f  which w i l l  g iv e  e s s e n t i a l l y  
t h e  same r e s u l t s ,  b u t  ex treme c a r e  must be t a k e n  w i t h  th e  
b a la n c e  be tw een  th e  f u n c t i o n s  and w i t h  t h e  i n t e r p r e t a t i o n  
o f  th e  r e s u l t s .
Most w orke rs  adop t  one o f  two methods t o  d e r i v e
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optimum v a l u e s  f o r  f o r c e  f i e l d  p a r a m e te r s  -  (a )  t r i a l - a n d -  
e r r o r  method o r  (b)  l e a s t - s q u a r e s  p r o c e d u r e .
I n  method ( a ) ,  t h e  f o r c e  f i e l d  p a ra m e te r s  a r e  a l t e r e d  
i n  a t r i a l - a n d - e r r o r  manner i n  an a t t e m p t  to  f i n d  optimum 
v a l u e s .  T h is  method consumes l a r g e  amounts o f  human and 
com pute r  r e s o u r c e s  as i t  i s  d i f f i c u l t  t o  p r e d i c t  a c c u r ­
a t e l y  th e  e f f e c t  o f  a p a ra m e te r  change on th e  o v e r a l l  
geom etry  and en e rg y  o f  a l l  m o lecu le s  in v o lv e d  i n  th e  
p a r a m e t r i z a t i o n .
Method (b)  was implemented by Lifeon and W arshel  i n
201968 and i n v o lv e s  an e l a b o r a t e  l i n e a r  l e a s t - s q u a r e s  
p ro c e d u re  to  f i n d  th e  b e s t  p o s s i b l e  v a l u e s  f o r  th e  f o r c e  
f i e l d  p a ra m e te r s  from s t r u c t u r a l ,  thermodynamic and 
v i b r a t i o n a l  d a t a  by m in im is in g  th e  s q u a r e s  o f  th e  d i f f e r ­
ences  be tw een  e x p e r i m e n t a l  and c a l c u l a t e d  p r o p e r t i e s  w i t h  
r e s p e c t  to  f o r c e  f i e l d  p a ra m e te r s  and p roduce  a 
CONSISTENT FORCE FIELD. The squ a red  term i s  u s u a l l y  w e igh ted  
by an amount which i s  i n v e r s e l y  p r o p o r t i o n a l  t o  th e  sq u a re  
o f  th e  s t a n d a r d  d e v i a t i o n  o f  th e  c o r r e s p o n d i n g  e x p e r i m e n t a l  
o b s e r v a t i o n .  T h is  method has  th e  adv an tag e  o f  g i v i n g  
i n f o r m a t i o n  c o n c e rn in g  th e  o m is s io n  o f  p a r a m e te r s  ( i . e .  ones 
which  do n o t  d i f f e r  s i g n i f i c a n t l y  from z e r o )  and th e  
dependence  o r  independence  w i t h i n  groups o f  p a r a m e te r s  
b u t . b e c a u s e  o f  th e  need t o  e v a l u a t e  th e  second d e r i v a t i v e s  
o f  p o t e n t i a l  e n e rg y  i n  the  c a l c u l a t i o n  o f  v i b r a t i o n a l  
f r e q u e n c i e s ,  t h i s  method r e q u i r e s  th e  a v a i l a b i l i t y  o f  l a r g e
amounts o f  computer  t im e .  The agreem ent  w i t h  e x p e r i m e n t a l
21d a t a  i s  r e l i a b l e  -  Ermer and L If  son d ev e lo ped  an a lk e n e  
c o n s i s t e n t  f o r c e  f i e l d  where t h e  a v e rage  a b s o l u t e  d i f f e r ­
ences  be tween obse rved  and c a l c u l a t e d  bond l e n g t h s ,  bond
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a n g le s  and t o r s i o n  a n g le s  used i n  th e  o p t i m i s a t i o n  a re  
0*003  X, 0*5° and 1 .0 °  r e s p e c t i v e l y  o v e r  a t o t a l  o f  JL+2+ 
s t r u c t u r a l  q u a n t i t i e s ,  be tween ob se rved  and c a l c u l a t e d  
h e a t s  o f  h y d r o g e n a t io n  0*92 k c a l /m o l e  o v e r  10 thermo 
c h e m ic a l  q u a n t i t i e s  and be tw een  observed  and c a l c u l a t e d
_-i
f r e q u e n c i e s  15»U cm o v e r  259 v i b r a t i o n a l  f r e q u e n c i e s .
^ t  i s  n o te w o r th y  t h a t  method (a )  p roduces  e q u a l l y  good 
r e s u l t s . .
An a l t e r n a t i v e  method, which may be r e g a r d e d  as a 
h y b r id  o f  methods (a )  and ( b ) ,  may be used and i t  i s  a 
consequence  o f  th e  f a c t  t h a t  i t  i s  more d i f f i c u l t  t o  
r e p r o d u c e  p r o p e r t i e s  a s s o c i a t e d  w i t h  th e  e n e rg y  o f  
m o le c u le s  t h a n  th o se  a s s o c i a t e d  w i th  th e  geometry  i . e .  
e n e rg y  p a ra m e te r s  a r e  more f o r c e  f i e l d  dependen t  t h a n  
g e o m e t r i c  p a r a m e t e r s .  To overcome t h i s  problem e f f i c i e n t l y  
th e  f o r c e  c o n s t a n t s  i n  th e  f o r c e  f i e l d  i . e .  k^ ,  k^ ,  k ^  
and £ may be in c lu d e d  i n  a l i n e a r  l e a s t - s q u a r e s  
o p t i m i s a t i o n  a lo n g  w i t h  th e  group e n t h a l p y  i n c r e m e n t s .
1 . 5  Energy  M in im is a t io n
G e n e r a l l y  th e  c o - o r d i n a t e s  o f  a m o le c u le ,  which 
a r e  i n i t i a l l y  used  i n  a m o le c u la r  mechanics  s t u d y  a r e  
o n ly  app rox im ate  a s ,  f o r  example ,  t h e y  have been  d e r i v e d  
from m o le c u la r  m ode ls .  In  o r d e r  to  o b t a i n  i n f o r m a t i o n  
r e g a r d i n g  th e  e q u i l i b r i u m  p r o p e r t i e s  o f  a m o le c u le ,  i t  i s  
n e c e s s a r y  t o  a dop t  an en e rgy  m i n i m i s a t i o n  scheme which 
w i l l  m in im ise  th e  s t e r i c  e n e rg y  o f  th e  m o le c u le ,  Vs, w i t h  
r e s p e c t  to  th e  c o - o r d i n a t e s  by s y s t e m a t i c a l l y  a d j u s t i n g  
th e  p o s i t i o n s  o f  th e  atoms and which w i l l  a l s o  p roduce
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r e s u l t s  which a re  "both c o n s i s t e n t  and r e l i a b l e .  At p r e s e n t ,
t h e r e  i s  no s i n g l e  scheme which i s  g e n e r a l l y  a c c e p te d  as
a l l  t h e  m in i m i s a t i o n  methods which a re  u s e d ,  have known 
22sh o r t c o m in g s  , However, th e  s u c c e s s  o r  f a i l u r e  o f  one 
scheme depends l a r g e l y  on the  p o s i t i o n  on the  p o t e n t i a l  
e n e rg y  h y p e r s u r f a c e  t h a t  th e  model m o lecu le  l i e s .
The i n p u t  c o - o r d i n a t e s  a r e  u s u a l l y  c a r t e s i a n  s i n c e  
t h e y  a re  s i m p l e r  to  u se  and e a s i e r  to  programme th a n  
i n t e r n a l  c o - o r d i n a t e s  which a r e ,  however ,  i n d i s p e n s a b l e  
f o r  m o le cu le s  composed o f  more t h a n  60  a tom s.
The most w id e ly  used e n e rg y  m in im i s a t i o n  schemes 
w i l l  be d i s c u s s e d  i n  th e  f o l l o w i n g  s e c t i o n s ,  a l t h o u g h  the  
o v e r a l l  m in i m i s a t i o n  method, which i s  a d o p te d ,  i s  o f t e n  
a c o m b in a t io n  o f  two d i f f e r e n t  schemes.
At a p o t e n t i a l  en e rg y  minimum, th e  n e t  f o r c e  
a c t i n g  on any one atom i s  ze ro  i . e .  a n e c e s s a r y  c o n d i t i o n  
f o r  an e n e rg y  minimum i s  t h a t  th e  p a r t i a l  d e r i v a t i v e s  o f  
t h e  e n e rg y  w i t h  r e s p e c t  t o  each  c o - o r d i n a t e  e q u a l  z e r o ,
I . e .  d v s (x ) = o ,  i  = 1 ,  2 ,   3N
6 x i
where N i s  t h e  number o f  atoms i n  th e  m olecu le  and x i s  
a c o - o r d i n a t e  v e c t o r .
The p o t e n t i a l  e n e rg y  o f  the  t r i a l  model can  be 
expanded i n  a T a y lo r  s e r i e s  ( t r u n c a t e d  a f t e r  th e  l i n e a r  
te rm )  abou t  an e n e rg y  minimum:
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v 0 ( x  + 6 x ) y  = v = v j x ) ^  + X  ( f s , ^ )  . A x i
■S i=1 (d  x A )
x=x s
(1 2 )
where x i s  a g iv e n  s t a r t i n g  p o i n t  n o t  f a r  from th e  s
minimum.
I n  o r d e r  to  s a t i s f y  the  c o n d i t i o n  f o r  an e n e rg y  
minimum, th e  d e r i v a t i v e s  o f  th e  ene rg y  w i t h  r e s p e c t  to  each  
o f  t h e  3N c o - o r d i n a t e s  a r e  t a k e n :
3N ^ 3N
£ V (x+ 6 x)) = z  ( ^VS (x))
3=1 (“ T ^  )x=x 3=1 ( ^ x 3 )x=xs
3N 3N
I  I  < <32v s ( x >) _ A x ± = o (13)
3=1 1=1 ( 1 7 J T I ~ ) x'=x
s
E q u a t io n  (13) i s  e q u i v a l e n t ,  i n  m a t r i x  n o t a t i o n  t o :
V V  (x + 6 x )  = V v  (x ) + P 8 x  = o (1 4 )D O  D O 5
where VV i s  th e  g r a d i e n t  o f  V, and F i s  th e  m a t r i x  o f  th e  s
second  d e r i v a t i v e s  o f  V. From (14)> i t  c an  he deduced 
t h a t
6 *  = -Fs “1. ^  Vs ^ Xs^ ( 1 5 ) ,
where F i s  th e  i n v e r s e  o f  F .
( a )  Scheme 1 :  S t e e p e s t  Descen t
T h is  was th e  f i r s t  g e n e r a l  scheme t o  he i n t r o d u c e d
23i n t o  m o le c u l a r  mechanics  c a l c u l a t i o n s ,  hy Wiherg , i n  
1965 and i t  i n v o lv e s  c h a n g in g ,  i n  t u r n ,  e ach  c o - o r d i n a t e  o f  
t h e  m o lecu le  hy a s m a l l  i n c r e m e n t ,  c a l c u l a t i n g  the
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c o r r e s p o n d i n g  e n e rg y  change and th e n  r e s t o r i n g  th e  c o ­
o r d i n a t e  to  i t s  i n i t i a l  v a l u e .  A f t e r  t h i s  p ro c e d u re  has 
b e en  a p p l i e d  to  each  c o - o r d i n a t e  i n  th e  m o le c u le ,  th e  
c o - o r d i n a t e s  a r e  t h e n  each  moved hy an amount p r o p o r t i o n a l  
t o  i t s  p a r t i a l  d e r i v a t i v e  o f  en e rg y  w i th  r e s p e c t  t o  th e  
c o - o r d i n a t e ,  i n  a d i r e c t i o n  which low ers  th e  e n e r g y .  This  
p ro c e d u re  i s  r e p e a t e d  u n t i l  the  d i f f e r e n c e  i n  e n e rg y  from 
one c y c l e  to  th e  n e x t  i s  l e s s  t h a n  a s t i p u l a t e d  v a l u e .
To o b t a i n  a m a th e m a t i c a l  d e s c r i p t i o n  o f  th e  
s t e e p e s t  d e s c e n t  method, i t  i s  n e c e s s a r y  to  s u b s t i t u t e  a
•4
d i a g o n a l  m a t r i x  D w i t h  where L i s  a s c a l i n g
c o n s t a n t ,  f o r  F i n  e q u a t i o n  (15)> which g i v e s :
5 x ,  = -L ( ^ V ( x ) )  (1 6 )
< W s
2UBixon and Lifeon d e te r m in e  the  c o n s t a n t  L from a g iv e n  
v a lu e  f o r  t h e  r o o t - m e a n - s q u a r e  change of  th e  C a r t e s i a n  
c o - o r d i n a t e s  ( <JQ)
L = ° 0 (3N £ , i & r >
The v a lu e  o f  ' G must be p r o p e r l y  c hosen  d u r i n g  
t h e  v a r i o u s  s t a g e s  o f  th e  m in i m is a t i o n  p r o c e s s ,  o t h e r ­
w ise  th e  co nvergence  i s  u n n e c e s s a r i l y  s low ,
A l l i n g e r  and o t h e r  workers  have found t h a t  t h i s  
m i n i m i s a t i o n  method a v o id s  the  d i f f i c u l t y  o f  g e t t i n g  
s t u c k  i n  a s a d d l e  p o i n t  on th e  h y p e r s u r f a c e  and t h a t  i t  
i s  most e f f i c i e n t  ( i . e .  r a p i d  m i n i m i s a t i o n )  when th e  
e n e r g y  and geometry  o f  th e  m olecu le  a r e  f a r  removed 
from i t s  minimum b u t  becomes l e s s  e f f i c i e n t  as  the
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minimum i s  ap p ro a ch e d .  A no the r  d i s a d v a n t a g e ,  a p a r t  from 
t h e  s c a l i n g  p rob lem s ,  i s  t h a t  t h i s  method f i n d s  b o t h  
g l o b a l  and l o c a l  minima as w e l l  as maxima. The f i n a l  
a b s o l u t e  p a r t i a l  d e r i v a t i v e  a t t a i n e d  by t h i s  method i s  about
0.1 k c a l  mole”  ^ £  1 .
0>) Scheme 2:  P a t t e r n  S e a rc h
2 PT h is  method which was f i r s t  a p p l i e d  to  m o le c u la r  
m echanics  c a l c u l a t i o n s  by S c h l e y e r ,  i s  s i m i l a r  t o  th e  
s t e e p e s t  d e s c e n t  method. I t  d i f f e r s  from s t e e p e s t  d e s c e n t  
i n  t h a t  th e  p e r t u r b e d  c o - o r d i n a t e  i s  no t  r e t u r n e d  to  i t s  
s t a r t i n g  p o i n t ,  i f  i t  i s  a f a v o u r a b l e  e n e rg y  change ,  so 
t h a t  th e  p a t t e r n  s e a r c h  method does n o t  r e q u i r e  the  
e v a l u a t i o n  o f  d e r i v a t i v e s  and i s  s c a l e  i n v a r i a n t .  The 
m i n i m i s a t i o n  i s  accom pl ished  by a c o m b in a t io n  o f  e x p l o r ­
a t o r y  moves and p a t t e r n  moves t o  g e n e r a t e  a sequence  of  
im prov ing  a p p r o x i m a t i o n s .  E x p l o r a t o r y  moves examine th e  
l o c a l  b e h a v io u r  o f  th e  f u n c t i o n  and s e e k  t o  l o c a t e  th e  
d i r e c t i o n  o f  any s l o p i n g  v a l l e y s  p r e s e n t ;  p a t t e r n  moves 
u t i l i z e  th e  i n f o r m a t i o n  y i e l d e d  by th e  e x p l o r a t i o n s  by 
p r o g r e s s i n g  a lo n g  any such  v a l l e y s .  T h is  method has  th e  
ad v an tag e  t h a t  th e  r a t e  o f  d e s c e n t  down v a l l e y s  i s  more 
r a p i d  th a n  i n  th e  s t e e p e s t  d e s c e n t  method.
2
S c h l e y e r ’s m o d if ied  p a t t e r n - s e a r c h  method , has  
g iv e n  lo w er  e n e rg y  and more r e a s o n a b l e  d i s t r i b u t i o n  o f  
s t r a i n  t h a n  th e  s t e e p e s t  d e s c e n t  method, b u t  l i k e  th e  
s t e e p e s t  d e s c e n t  method, f i n d s  l o c a l  minima and 
convergence  n e a r  minimum i s  r e l a t i v e l y  s lo w .  The d i f f i c u l t y
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o f  th e  o c c u r r e n c e  o f  l o c a l  minima can  he p a r t i a l l y  
e l i m i n a t e d  hy employing a v a r i e t y  o f  s t a r t i n g  g e o m e t r i e s ,  
when f l e x i b l e  m o lecu le s  a r e  h e in g  c o n s i d e r e d ,  which w i l l  
h o p e f u l l y  converge  to  the  same geometry  and e n e r g y .  
Convergence  i s  assumed and the  s e a r c h  t e r m in a t e d  when th e  
e x p l o r a t i o n  s t e p s  have h een  reduced helow some s p e c i f i e d  
l i m i t  ( e . g .  10 ^ 2 ) .
The p a t t e r n  s e a r c h  method i s  c l e a r l y  a s im p le  
s t r a t e g y  which i s  e a s i l y  programmed, r e q u i r e s  v e r y  l i t t l e  
computer  s t o r a g e  and hence  f a s t e r  t h a n  th e  s t e e p e s t  
d e s c e n t  method and l i k e  th e  s t e e p e s t  d e s c e n t  method,  i s  
r e l a t i v e l y  t o l e r a n t  o f  th e  approx im ate  t r i a l  s t r u c t u r e .
( c ) Scheme 3:  Newton -  Raphson method
This  p ro c e d u re  was f i r s t  used i n d e p e n d e n t l y  hy
19 26J a c o h ,  Thompson and B a r t e l l  , Boyd and L i f s o n  and 
20W arshe l  and was found to  he v e r s a t i l e  and t o  p roduce  
r e s u l t s  which were r e p r o d u c i b l e  and r e l i a b l e .
I n  e q u a t i o n  (15)> F i s  th e  m a t r i x  o f  second 
d e r i v a t i v e s  o f  V i . e ' .
p = d \
S J p x i
2
I f  P i s  s e t  e q u a l  to  3 V : i ,  j  4  3 f o r  e ach  atoms
dx. 6 x ,
0 7  o A
i . e .  P i s  t h e n  e q u a l  to  t h e  b l o c k  d i a g o n a l  m a t r i x  9 ,
t h i s  overcomes th e  s c a l i n g  problems e n co u n te re d  i n  th e  
s t e e p e s t  d e s c e n t  method. This  b l o c k  d i a g o n a l  a p p ro x ­
i m a t io n  method i s ,  however ,  l e s s  t o l e r a n t  o f  the  
ap p ro x im a te  t r i a l  s t r u c t u r e  t h a n  th e  s t e e p e s t  d e s c e n t  and
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p a t t e r n  s e a r c h  m ethods ,  h u t  i t  i s  more e f f e c t i v e  f o r
b r i n g i n g  a c r u d e ,  t r i a l  c o n fo rm a t io n  i n t o  th e  v i c i n i t y
o f  th e  minimum. A f t e r  50 -  100 i t e r a t i o n s ,  t h e  f i r s t
d e r i v a t i v e s  o f  p o t e n t i a l  en e rg y  w i t h  r e s p e c t  t o  the
c a r t e s i a n  c o - o r d i n a t e s  a r e  reduced to  abou t  0.1 k c a l .
-1 o-1mole A , b u t  t h e r e a f t e r  convergence  i s  s low .  More
g
r e c e n t l y  i t  has  been  found t h a t  th e  b lo c k  d i a g o n a l  
method i s ,  i n  f a c t ,  l e s s  t o l e r a n t  o f  th e  t r i a l  s t r u c t u r e  
t h e n  th e  pu re  d i a g o n a l  a p p ro x im a t io n  i . e .  where F =
^ 2v  p. f o r  each  atom, a l t h o u g h  th e  convergence  p r o p e r t i e s
a r e  r o u g h ly  th e  same. I t  would t h e r e f o r e  seem t o  be more 
a d v an tageou s  to  u se  th e  pu re  d i a g o n a l  app roach  which 
would use  l e s s  computer  t im e .
R e g a r d l e s s  o f  w h e th e r  th e  pure  o r  b l o c k  d i a g o n a l  
a p p ro a ch  i s  adopted  i n  t h e  i n i t i a l  s t a g e s  o f  m in i m i s a t i o n ,  
i t  becomes n e c e s s a r y  i n  l a t e r  s t a g e s  to  u se  a method which 
h a s  b e t t e r  convergence  p r o p e r t i e s .  Such a method i s  the
Q
f u l l - r n a t r i x  Newton-Raphson i . e .  where P = 6 V :
i x l d x i
i ,  j  = 1 , 3N 0 (18)
The m a t r i x  P i s  s i n g u l a r  w i th  s i x  eigenvalues z e ro  
b e c a u se  r o t a t i o n s  and t r a n s l a t i o n s  have n o t  b e en  e x c lu d ed ,  
and so t h e  s e t  o f  e q u a t i o n s (15)cann o t  be s o lv e d  d i r e c t l y .
Two methods a r e  a v a i l a b l e  f o r  i n v e r t i n g  F .  The 
f i r s t  " g e n e r a l i s e d  i n v e r s e "  method2 ^ r e q u i r e s  th e  
d i a g o n a l i s a t i o n  o f  F : -
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F + = E d i a g  (1 /  A )E*
where F + i s  th e  g e n e r a l i s e d  i n v e r s e  o f  F ,  X and E a re  
e i g e n v a l u e s  and e i g e n v e c t o r s  o f  F r e s p e c t i v e l y .  The 
second a p p ro a c h ,  sometimes c a l l  the  " red u ced  F -  m a t r ix  
t e c h n iq u e "  o r  R a o ' s  method^’ ^ ,  in v o lv e s  k eep in g  s i x  
c o - o r d i n a t e s  c o n s t a n t  hy removing th e  c o r r e s p o n d i n g  rows 
and columns from th e  m a t r i x  and s o l v i n g  the  r em a in in g  s e t  
o f  e q u a t i o n s  hy s t a n d a r d  m ethods .
However, a l t h o u g h  t h i s  second method i s  s i g n i f i c a n t l y  
f a s t e r  t h a n  th e  f i r s t ,  i t  does n o t  p roduce  th e  un ique  
g e n e r a l i s e d  i n v e r s e  F + -  i n s t e a d  i t  y i e l d s  a non un ique  
F1*2 g e n e r a l i s e d  r e c i p r o c a l ,  where F1*2 i s  a m a t r i x  which i s  
a two c o n d i t i o n  g e n e r a l i s e d  r e c i p r o c a l  m a t r i x ,  s a t i s f y i n g  
c o n d i t i o n s  (l ) and ( 2 ) ,  d i s c u s s e d  h e l o w ^ F o r  any 
m a t r i x  P, sq u a r e  o r  r e c t a n g u l a r ,  t h e r e  e x i s t s  a un ique  
m a t r i x  Q s a t i s f y i n g  the  c o n d i t i o n s
PQP = P (1 )
QPQ = Q (2)
(PQ)*= PQ (3)
(QP)*= «P <*>
F u r th e r m o r e ,  the  un ique  g e n e r a l i s e d  i n v e r s e  m a t r i x  o f  P i s  
a m a t r i x  Q = P+, which s a t i s f i e s  the  c o n d i t i o n s  (1)  -  (U)* 
Th is  sh o r tc o m in g  o f  th e  second method i s  m a n i f e s te d  hy th e  
o b s e r v a t i o n  t h a t  the  convergence  o f  th e  p r o c e s s  depends 
on th e  o r i e n t a t i o n  o f  th e  m olecu le  i n  th e  f r a m e ,  a l t h o u g h ,  
i n  th e  c a s e  o f  m o le c u la r  m echan ics ,  th e  d i f f e r e n c e  i n
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r e s u l t s  f o r  one o r i e n t a t i o n  and a n o t h e r  i s  u s u a l l y  no t  
s i g n i f i c a n t .
T h is  q u a d r a t i c a l l y  c o n v e rg en t  Hewton-Raphson 
p r o c e s s  has  to  he i t e r a t i v e  ( s e r i e s  o f  s u c c e s s i v e  a p p ro x ­
i m a t io n s )  beca u se  o f  the  l i n e a r  r e l a t i o n s h i p  be tw een  the
f i r s t  d e r i v a t i v e s  o f  V and the  c a r t e s i a n  c o - o r d i n a t e s ,s
im p l ied  hy (15) and b ecau se  o f  th e  t r u n c a t i o n  o f  th e  
T a y l o r  s e r i e s .  The f u l l - m a t r i x  m i n i m i s a t i o n  method has  
good convergence  p r o p e r t i e s  as i t  c o n v e r g e s ,  a f t e r  about
3 c y c l e s ,  w i t h  th e  f i r s t  d e r i v a t i v e s  b e in g  lowered to
-10 -10-110 k c a l  mole A • The geom etry ,  m o s t ly  t o r s i o n  a n g l e s ,
w i l l  u s u a l l y  he changed s i g n i f i c a n t l y ,  and t h i s  method th u s  
g i v e s  a b e t t e r  r e p r e s e n t a t i o n '  o f  th e  t r u e  m o le c u la r  
geom etry  and i t s  i n h e r e n t  symmetry t h a n  any o f  th e  methods 
p r e v i o u s l y  d i s c u s s e d ,  an accoun t  of  th e  f a c t  t h a t  th e  f u l l -  
m a t r i x  method t a k e s  i n t o  c o n s i d e r a t i o n  th e  i n t e r a c t i o n  o f  
e a c h  atom w i t h  a l l  th e  o t h e r  atoms i n  the  m o le c u le .  The 
e n e r g y ,  on the  o t h e r  hand ,  i s  n o t  u s u a l l y  s i g n i f i c a n t l y  
a l t e r e d  on go ing  t o  th e  f u l l - m a t r i x  from th e  b l o c k - d i a g o n a l  
method.  S ince  th e  f u l l - m a t r i x  method r e q u i r e s  a good i n i t i a l  
e s t i m a t e  o f  th e  t r i a l  s t r u c t u r e ,  i t  i s  o n ly  used i n  the  
second s t a g e s  o f  m in i m i s a t i o n  -  s t e e p e s t  d e s c e n t ,  p a t t e r n  
s e a r c h ,  b l o c k  d i a g o n a l  o r  pure  d i a g o n a l  methods may be used 
i n  t h e  f i r s t  s t a g e s .  One m ajor  d i s a d v a n t a g e  i s  th e  n e c e s s i t y  
o f  s o l v i n g  a s e t  o f  l i n e a r  e q u a t io n s  a t  e ach  i t e r a t i o n ,  
which  r e q u i r e s  v a s t  amounts o f  computer  r e s o u r c e s ,  b u t  t h i s  
i s  n o t  a v e r y  s e r i o u s  prob lem , due t o  th e  a v a i l a b i l i t y  o f
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v e r y  f a s t  computers  w i t h  l a r g e  c o re  s t o r e s .
The m a t r ix  e le m e n ts  F j j ,  c a l c u l a t e d  f o r  the  
e q u i l i b r i u m  s t r u c t u r e ,  c o r re sp o n d  t o  t h e  mass in d ep e n d en t  
g e n e r a l i s e d  f o r c e  c o n s t a n t s  o f  the  sy s te m .  The f o r c e  
c o n s t a n t s  c o r r e s p o n d in g  t o  th e  normal  v i b r a t i o n s  o f  the  
m o lecu le  a r e  th e  e ig e n v a l u e s  o f  the  m a t r ix  w i t h  e le m en ts  
(G j jF  [j ) where G i s  th e  m a t r ix  o f  reduced  masses and so 
normal  modes o f  v i b r a t i o n  and thermodynamic v a r i a b l e s  can  
be e a s i l y  d e r i v e d .  Second d e r i v a t i v e  schemes g ive  a c c e s s  
t o  b o th  m in i m is a t i o n  and m a x im is a t io n  and p r o v i d e s  a means 
o f  d i s t i n g u i s h i n g  be tween the  two p o s s i b i l i t i e s .
( d ) Numerica l  v e r s u s  a n a l y t i c a l  d e r i v a t i v e s ^ .
A n a l y t i c a l s  a r e  f a s t e r  i n  computer  e x e c u t i o n  t ime
b u t  nu rne r ica ls  a r e  e a s i e r  to  program and more v e r s a t i l e .
T h is  l a t t e r  f e a t u r e  can  be v i t a l l y  i m p o r t a n t  e . g .  when a
f o r c e - f i e l d  i s  i n  th e  p r o c e s s  o f  b e in g  p a r a m e t r i z e d .  During
th e  p a r a m e t r i z a t i o n ,  i t  i s  u s u a l l y  n e c e s s a r y  to  change
t h e  form o f  one o r  more o f  the  p o t e n t i a l  forms i n  the
f o r c e - f i e l d .  In  a scheme u t i l i s i n g  n u m e r ic a l  d e r i v a t i v e s ,
i t  i s  n e c e s s a r y  to  change o n ly  a few l i n e s  i n  th e  p rogram ,
w h e r e a s ,  when a n a l y t i c a l  d e r i v a t i v e s  a re  used th e  new
e x p r e s s i o n s  f o r  t h e s e  must be d e r i v e d  and i n c o r p o r a t e d
i n t o  th e  program which must be amended s u b s t a n t i a l l y  to
accommodate the  c h a n g e s .  F o r  p r o d u c t i o n  work,  t h e r e  i s
qp r e f e r e n c e  f o r  a n a l y t i c a l  d e r i v a t i v e s  , s i n c e  t h e y  use  
l e s s  computer  t im e .
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CHAPTER TWO
The developm ent o f  a m o le c u la r  f o r c e  f i e l d  
f o r  c a l c u l a t i o n s  on 
a lk a n e s  and non-con.jugat ed. a lk e n e s
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2.1 I n t r o d u c t i o n
-j 2 7 |i
By 1973> t h e r e  were s e v e r a l  f o r c e - f i e l d s  9 i n
e x i s t e n c e  which were developed  to  d e a l  w i t h  c a l c u l a t i o n s  on 
a lk a n e s  a n d /o r  n o n -c o n ju g a te d  a l k e n e s .  U n f o r t u n a t e l y ,  each  
one o f  t h e s e  f o r c e  f i e l d s  was known t o  have c e r t a i n  
d e f e c t s  i n  t h a t  t h e y  could  n o t  a d e q u a te ly  r e p ro d u c e  a l l  the  
a v a i l a b l e  e x p e r im e n ta l  d a t a  e . g .  h e a t s  o f  f o r m a t i o n  of
5
p o l y c y c l i c  h y d ro ca rb o n s  . Such sh o r tc o m in g s  a r e  u s u a l l y  
a r e s u l t  o f  a b i a s e d  s e l e c t i o n  o f  m o le cu le s  in c lu d e d  i n  th e  
p a r a m e t r i z a t i o n  o f  th e  f o r c e  f i e l d ,  u n n e c e s s a r y  o v e r p a r a -  
m e t r i z a t i o n ,  l a c k  o f  e x p e r im e n ta l  d a t a  and i n c o r r e c t  
d e r i v a t i o n  o f  th e  b a la n c e  be tw een  non-bonded i n t e r a c t i o n  
p o t e n t i a l s  and o t h e r  c o n t r i b u t i o n s  t o  th e  s t e r i c  e n e r g y .
S ince  an a l k a n e / a l k e n e  f o r c e - f i e l d  can  form th e  
b a s i s  f o r  o t h e r  f o r c e  f i e l d s  d e s c r i b i n g  a l l  o t h e r  f u n c t i o n a l  
ty p e s  o f  m o le cu le s  e . g .  c a r b o n y l  compounds, h a l o g e n s ,  i t  i s  
im p o r t a n t  t h a t  t h e  b a s i c  a l k a n e / a l k e n e  f o r c e  f i e l d  i s  a 
r e l i a b l e  one ,  o th e r w i s e  v a s t  amounts o f  human and computer  
r e s o u r c e s  a r e  w a s t e d .
S ince  1973t a number o f  p a p e r s ,  s u p p l y i n g  p o t e n t ­
i a l l y  u s e f u l  e x p e r im e n ta l  d a t a ,  have appea red  i n  th e  
l i t e r a t u r e .  This  d a t a  i n c l u d e  h e a t s  o f  f o r m a t i o n  o f  
p o l y c y c l i c  h y d r o c a r b o n s ^ '  h e a t s  o f  h y d r o g e n a t io n  o f
Q
medium r i n g  d i e n e s  and t r i e n e s  and s t r u c t u r a l  d a t a  e . g .
9n e u t r o n  d i f f r a c t i o n  s t u d y  o f  a c y c lo d ec an e  d e r i v a t i v e  and 
X - ra y  and e l e c t r o n  d i f f r a c t i o n  s t u d i e s  o f  medium r i n g  d i e n e s .
The t ime was t h e r e f o r e  c o n s i d e r e d  to  be r i g h t  f o r  the  
p a r a m e t r i z a t i o n  o f  a new and improved f o r c e  f i e l d  which would 
be more g e n e r a l  and r e l i a b l e  t h e n  th e  p r e v i o u s l y  deve loped
- 41 -
f o r c e  f i e l d s .
2 . 2 .  The Force  F i e l d
The f o r c e  f i e l d  which was s u b s e q u e n t l y  deve loped  
( r e f e r r e d  to  as th e  W hite -  B o v i l l  f o r c e  f i e l d  o r  WBFF, f o r  
s h o r t ) ,  i n c o r p o r a t e d  i n t o  i t s  p a r a m e t r i z a t i o n  l a r g e  amounts 
o f  e x p e r i m e n t a l  d a t a  c o n c e rn in g  the  thermodynamic and 
s t r u c t u r a l  p r o p e r t i e s  o f  a c a r e f u l l y  s e l e c t e d  group o f  abou t  
75 compounds, which range  from th e  s i m p l e s t  a l k e n e ,  e th y l e n e  
t h r o u g h  o t h e r  s t r a i g h t  and b ranched  c h a i n  compounds, c y c l i c  
compounds from -  C1 2 > b i c yc l i c > p o l y c y c l i c  and h i g h l y  
s t r a i n e d  h y d r o c a r b o n s ^ .
I n  o r d e r  t o  keep th e  f o r c e  f i e l d  as s im p le  as p o s s i b l e ,  
a t r u n c a t e d  ( i . e .  no c r o s s - t e r m s  u sed )  v a le n c e  f o r c e  f i e l d  
m odel ,  i d e n t i c a l  i n  form to  t h a t  used i n  S c h l e y e r ’s a lk a n e
f o r c e  f i e l d  (SFF) was a d o p te d .  The H H p o t e n t i a l s  i n
SFF were found too  ’hard* and were t h e r e f o r e  r e v i s e d .  As 
d e s c r i b e d  i n  C h a p te r  1 ,  th e  s t e r i c  e n e rg y ,  Vs, f o r  a l k a n e s /  
a lk e n e  i s  composed o f  5 c o m p o n e n ts : -
Vs  = z * k i  ( 1  -  V 2 + Z ? k e  ( a e 2 -  k 1 G a e 3 ) +
1 6
J"l>k (1 + s cos n oo) + 2 L £ ( - 2 / b 6 ^  + exp 
CO r
(1 2 (1 - o c ) ) )  (180  - X )2
4* 4s Y
where o(.= r / ( r   ^ + r 2
The t r i a l  f o r c e  c o n s t a n t s  were c a r e f u l l y  a d j u s t e d  i n  
a t r i a l  and e r r o r  manner u n t i l  th e  f i t  be tw een  a l l  the  
c a l c u l a t e d  and o bse rved  p r o p e r t i e s  was s a t i s f a c t o r y  -  
h e a t s  o f  f o r m a t i o n ,  h e a t s  o f  h y d r o g e n a t i o n ,  c o n f o r m a t i o n a l  
e n e r g i e s ,  b a r r i e r  h e i g h t s  be tween c o n fo r m a t io n s  and
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g e o m e t r i e s  o f  m o le c u le s .
The f i n a l  form o f  th e  f o r c e  f i e l d  c o n s i s t e d  of 
22 p a ra m e te r s  f o r  a l i p h a t i c  f u n c t i o n s  and 18 p a ra m e te r s  
f o r  doub le  bonds and i t s  s u r r o u n d in g s  and i s  g iv e n  i n  
T ab le  1• A Group e n t h a l p y  in c rem en t  scheme was adopted  to  
o b t a i n  h e a t s  o f  f o r m a t io n  and h y d r o g e n a t io n  w i t h  th e  
i n c re m e n t s  b e in g  de te rm in ed  from th e  s t e r i c  e n e r g i e s  and 
e x p e r i m e n t a l  h e a t s  o f  f o r m a t io n  by a l i n e a r  l e a s t - s q u a r e s  
p r o c e s s .  The v a l u e s  o f  t h e  inc re m e n ts  and t h e i r  e . s . d ' s  
( e s t im a t e d  s t a n d a r d  d e v i a t i o n s )  a re  r e p o r t e d  i n  T ab le  2 ,
I n  t o t a l ,  60 e x p e r im e n ta l  e n th a lp h y  v a l u e s  were used 
i n  th e  p a r a m e t r i z a t i o n  and the  f i n a l  mean d e v i a t i o n  
be tw een  th e  c a l c u l a t e d  and e x p e r im e n ta l  e n t h a l p i e s  was 
0 ,5 5  k c a l /m o le  which compares f a v o u r a b l y  w i t h  t h e  0.61 
k c a l /m o le  o v e r  39 compounds, 0 .72  k c a l /m o le  o ve r  39
1compounds and 0 .92  o v e r  10 compounds ob ta ined  by S c h l e y e r  ,
2 3A l l i n g e r  and Ermer and L i f s o n  r e s p e c t i v e l y .  The
c o r r e s p o n d i n g  f i g u r e s  f o r  g e o m e tr ic  p r o p e r t i e s  a r e  0 .0 0 9  
£ ,  0 . 6 °  and 0 .9 °  i n  bond l e n g t h s ,  bond a n g le s  and t o r s i o n  
a n g le s  r e s p e c t i v e l y  o v e r  a s e t  o f  93 o b s e r v a t i o n s .  The 
e n th a l p h y  and g e o m e tr ic  d a t a  on the  i n d i v i d u a l  m o lecu le s  a re  
l i s t e d  i n  T ab les  3 and U r e s p e c t i v e l y .  I t  can  th u s  be s e e n  
t h a t  t h e s e  r e s u l t s  a r e  w i t h i n  th e  a c c e p t a b l e  l i m i t s  o f  
e x p e r i m e n t a l  e r r o r  and a re  more r e l i a b l e  t h a n  th e  a f o r e ­
ment ioned f o r c e  f i e l d s  and hence a c e r t a i n  amount o f  con ­
f i d e n c e  c an  be p lac ed  i n  th e  r e s u l t s  f o r  compounds, no t  
i n c lu d e d  i n  th e  p a r a m e t r i z a t i o n  b u t  whose s t r u c t u r a l  
f e a t u r e s  a r e  r e p r e s e n t e d  i n  i t .
The energy  m in i m i s a t i o n  scheme was a tandem q u a s i -  
Newton ( b lo c k  D iag o na l  fo l lo w e d  by F u l l  M a t r ix )  m in im is -
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Table 4: Experimental and Calculated Structural Parameters
Compound Structure Expt Calc. CSlc’ Ref.Expt
Ethylene
Propene
cis-1- Butene
■ " A
*12
*23
0123
'12
'23
'123
'123
234
1.335 1.336 0.001 55
1.090 1.089 -0.001
121.7 121.3 -0.4
1.336 1.337 0.001 56
1.501 1.505 0.004
124.3 123.6 -0.7
126.7 125.5 -1.2 18
114.8 115.4 0.6
skew-l-Butene
Isobutene
■ " A — .
- J
" A .
'123
234
'423
125.4 123.6 -1.7 18
112.1 111.5 -0.6
115.3 116.2 0.9 57
trans-2-Butene\
2-Methyl-
s k ev,T-1 - Bu t e n e
"A
- J
'23
'12
123
•1234
1.508 1.506 -0.002 22
1.347 1.338 -0.009
123.8 123.6 -0.2
72.7
±5.0
71.5 -1.2 58
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T a b le  4 (co n td )
Compound S t r u c t u r e Expt Calc . Calc .  -  E xp t Ref.
*12 1 .5 1 1 1 .5 1 1 0 .0 0 0 59
*23 1.353 1 .3 4 6 - 0 . 0 0 7
012 113 .2 114 .4 1 .2
^1534 156 .7 1 6 0 .9 4 .2 60
*1234 - 1 5 . 2 - 1 5 . 3 - 0 . 1 61
*2345 44 .9 4 5 .4 0 . 5
*3456 - 6 0 . 2 - 6 2 . 2 - 2 . 0
*12 1 .326 1 .3 4 0 0 .0 1 4 62
*23 1.506 1 .5 1 0 0 . 0 0 4
0123 128 .2 1 2 7 .0 - 1 . 2
0345 114 .1 1 13 .6 - 0 . 5
$1234 - 1 1 4 .7 - 1 1 5 . 5 - 0 . 8
*2345 58 .2 5 9 .5 1 .3
*12 1 .5 3 5 1 .5 1 0 - 0 . 0 2 5 63/4
*23 1 .343 1 .3 3 7 - 0 . 0 0 6
0174 9 4 .1 9 4 .3 0 . 2
:*1?> 1 .544 1 .52 6 - 0 . 0 1 8
*2145 115 .6 1 1 6 .3 0 . 7
2 , 3-Dimethyl* 
2 -B u te n e W/"A.
C y c lo p e n te n e
C yc loh ex en e
c i s / c i s - l , 6 -  
C y c lo d e c a d i e n e
N o r b o r n a d ie n e
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T a b le  4 (co n td )
Expt Calc . Ca lc .  -  E x p t Ref
$6143 1 2 1 .2 120. 4 - 0 . 8 64
$1234 0 . 0 0 . 0 0 . 0
^2145 123.4 123 .4 0 , 0 64
*1784 0 . 0 0 . 0 0 . 0
*12 1 .334 1 .3 3 8 0 .0 0 4 65
*16 1.496 1 .5 0 9 0 .0 1 3 -
9234 113 .3 1 1 3 .2 - 0 . 1
0345 123 .5 123 .4 0 . 1
^1234 0 . 0 0 . 0 0 . 0
*12 1 .34 1 .3 4 0 . 0 0 66
0176 112 ± 3 108 -4
0123 118 ± 3 118 0
8217 118 ± 3 119 1
e i , 2 , 10 126 125 - 1
*4365 146 ± 8 142 -4
*cc 1 .528 1 .5 3 0 0 . 0 0 2 67,
6E
0 C C C 111 .3 1 1 1 . 3 0 . 0
$c c c c 55 .2 5 5 .2 0 . 0
Compound S t r u c t u r e
B i c y c l o [ 2 . 2 , 2 ]  
O c te n e
B i c y c l o [ 2 , 2 . 2 ]  /
O c t a d i e n e  /
EL 4 \V
1 , 4 - C y c lo h e x a d ie n e .
2 - P i n e n e
t o
Cyclohexans
-  53 -
T a b le  4 (co n td )
Compound S t r u c t u r e E xp t  Calc. Cg^p*t  Ref*
C y c lo d e c a n e  
(C2h a v e r a g e )
Adamantane
D iamantane
x
u
® 345 1 18 .0 117 .9 - 0 . 1
e 456 1 18 .1 117 .6 - 0 . 5
0567 114 .7 11 4 .9 0 . 2
p^LO, 1 , 2 , 3 •152 -152 0
^1234 55 55 0
^2345 66 68 2
r(H6 * *-H9) 2 .08 2 .07 - 0 . 0 1
r  (H2- • -H6) 1 .94 1 .9 4 0 . 0 0
0123 1 10 .0 1 1 0 .0 0 . 0
e 234 109 .2 1 0 9 .2 0 . 0
<*■00* 1.534 1 .5 3 6 0 .0 0 2
<^ c c > 1 .5 3 5 1 .5 3 7 0 .0 0 2
<0c c c > 109 .5 1 0 9 .4 - 0 . 1
011 ,12 ,13  108.8 1 0 9 .2 0 .4
05 , 1 3 , 12 110 .2 1 1 0 .0 - 0 . 2
06 , 5 ,13 110 .2 1 0 9 .9 - 0 . 3
0561 108 .7 1 0 9 .0 0 . 3
9,
31
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T a b l e  4 (co n td )
Compound S t r u c t u r e E xpt C a lc . Calc  . -  E xp t
*12 1 .341 1 .3 4 0 - 0 . 0 0 1
*23 1 .5 0 2 1 .5 1 2 0 .0 1 0
*34 1 .554 1 .5 3 0 - 0 . 0 2 4
0123 127 .8 127.  8 0 . 0
0234 1 16 .8 1 1 5 .8 - 1 . 0
r ( C l - - *C5) 3 .3 0 3 .3 9 0 .0 9
r ( C l - - • C6) 3 .05 3 .08 0 .0 3
r  (C2 - - * C6) 3 .32 3 .31 - 0 . 0 1
r ( C 3 • - • C7) 3 .82 3 .8 1 - 0 . 0 1
H o • • • o 3 .19 3 .1 9 0 . 0 0
r  (C4 * • -C8) 3 .13 3 .05 - 0 . 0 8
*23 1 .54 1 .53 - 0 . 0 1
*34 1 .4 9 1 .5 1 0 . 0 2
*45 1 .3 2 1 .3 4 0 . 0 2
0234 1 11 .1 1 1 2 .1 1 . 0
0345 124 .1 1 2 3 .5 - 0 .6
^1234 63.4 6 1 .6 - 1 . 8
*2345 - 1 1 6 . 5 - 1 1 5 . 0 1 . 5
*3456 178 .0 1 7 7 .9 - 0 . 1
Ref
c i s , c i s - l , 5 -  
C y c l o o c t a d i e n e
t r a n s  , t r a n s , t r a n s -  
1 , 5 , 9 - C y c lo -  
d o d e c a t r i e n e  
(D^ a v e r a g e )
71
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a t i o n  which u t i l i z e d  n u m e r ic a l  f i r s t  and second d e r i v a t i v e s .  
A l l  compounds were minimised u n t i l  ^ V g/ ^ ) x  was 10 ® k c a l /  
mole  ^ .
2 . 3  R e s u l t s  and D i s c u s s io n  f o r  compounds in c lu d e d  i n  
th e  P a r a m e t r i z a t i o n
( a )  The E f f e c t  o f  non bonded p o t e n t i a l s  on
c a l c u l a t e d  m o le c u la r  c o n fo rm a t io n s  and s t e r i c  
e n e r g i e s
Many d i f f e r e n t  f o r c e  f i e l d  models have emerged s i n c e  
1 2  31970 9 9 . I n  g e n e r a l ,  t h e y  have rep ro d u c ed  g e o m e tr ic  and
thermodynamic p r o p e r t i e s  o f  a lk a n e s  and a lk e n e s  in  many
i n s t a n c e s  and th e  r e s u l t s  o f  d i f f e r e n t  f o r c e  f i e l d s  a re
i n  f a i r  a g re em en t .  These f o r c e  f i e l d s ,  de pend ing  on the
manner o f  th e  p a r a m e t r i z a t i o n  and th e  s p e c i f i c  r e a s o n  f o r
th e  p a r a m e t r i z a t i o n ,  c o n t a i n  a d i v e r s e  "balance of  non-
bonded p o t e n t i a l  f u n c t i o n s  super imposed  on t r u n c a t e d  v a le n c e
1 11f o r c e  f i e l d s .  Some workers  ’ have t a k e n  t h i s  to  mean t h a t  
d i f f e r e n c e s  be tw een  nonbonded p o t e n t i a l s  can  be o f f s e t ,  i n  
p a r t  a t  l e a s t ,  by s u i t a b l e  m o d i f i c a t i o n  o f  th e  v a l e n c e  
f o r c e  f i e l d ,  w h i l s t  m a i n t a i n i n g  a p p ro x im a te ly  s p e c t r o s c o p i c  
v a l u e s  f o r  th e  v a l e n c e  f o r c e  c o n s t a n t s .
1 0During  th e  p a r a m e t r i z a t i o n  o f  WBFF , one i n t e r e s t i n g  
p o i n t  t h a t  emerged was t h a t  th e  range  o f  v a l u e s  t h a t  an 
a c c e p t a b l e  c h o ic e  of  p a ra m e te r s  f o r  H . . .H  f u n c t i o n  (and 
hence  C . . . C ,  as th e  two a re  h i g h l y  c o r r e l a t e d )  can assume 
i s  somewhat n a r ro w er  and l i m i t e d  th a n  p r e v i o u s l y  b e l i e v e d  
and t h a t ,  i n  f a c t ,  t h e  f i r s t  d e r i v a t i v e  o f  th e  H . . . . H  
p o t e n t i a l  w i th  r e s p e c t  t o  t h e  i n t e r n u c l e a r  s e p a r a t i o n  should
- 56 -
-1 o~1n o t  exceed 8 k c a l  mole A and the  en e rg y  p e r  H . . .H
i n t e r a c t i o n  a t  2 .oS  shou ld  n o t  exceed 1 .5  k c a l  mole ^
T able  5 shows th e  v a lu e s  o f  the  above f u n c t i o n s  c a l c u l a t e d
1 2by e i g h t  f o r c e  f i e l d s .  I n v e s t i g a t i o n s  have r e v e a l e d  t h a t  
i t  i s  v i t a l  t o  employ an a c c e p t a b l e  b a l a n c e  o f  f o r c e s  
be tw een  th e  d i f f e r e n t  f u n c t i o n s  i n  t h e  f o r c e  f i e l d ,  
o t h e r w i s e  th e  consequences  can be s e r i o u s  -  i n c o r r e c t  
p r e d i c t i o n  o f  geom etry ,  h e a t s  o f  f o r m a t i o n ,  c o n f o r m a t io n a l  
e n e r g i e s  (and hence  minimum energ y  c o n fo r m a t io n s )  and 
i n c o r r e c t  i n t e r p r e t a t i o n  o f  t r e n d s  i n  m o le c u l a r  p r o p e r t i e s .  
These p o i n t s  w i l l  be i l l u s t r a t e d  i n  th e  f o l l o w i n g  s e c t i o n s .
As an example o f  such  d e f e c t s ,  i t  i s  known t h a t
1 -  b iadam antane  has  6 s h o r t  H . . .H  c o n t a c t s  o v e r  th e
c e n t r a l  bond and i t  has  b een  found e x p e r i m e n t a l l y  t h a t  the
c e n t r a l  bond (C1 -  C1  ^ ) i s  1 .578& which i s  c o n s i d e r a b l y
3 3l o n g e r  t h a n  a Csp -  Csp bond i n  an ’u n s t r a i n e d 1 m olecu le
e . g .  1 . 5 3 3 f t  i n  p r o p a n e .  This  s t r e t c h i n g  can  be i n t e r p r e t e d
as a means o f  r e l i e v i n g  th e  s t r a i n  due to  H . . . H  c o n t a c t s
and hence  a f u n c t i o n  o f  th e  h a rd n e s s  o f  th e  H . . . H  p o t e n t i a l  
11used  • The h a r d e r  th e  H . . .H  p o t e n t i a l  used i n  a f o r c e
f i e l d ,  t h e  more th e  c e n t r a l  bond l e n g t h  i s  o v e r e s t i m a t e d .
17 1 A l l i n g e r  and S c h l e y e r  c a l c u l a t e  t h i s  bond l e n g t h  to  be
1 .6 1 7  X and 1 .5 8 3  S r e s p e c t i v e l y ,  th e  c o r r e s p o n d in g
—"I o —1d e r i v a t i v e s  a r e  21 . 5  and 9*5 k c a l  mole A , s u g g e s t i n g  
t h a t  th e  e r r o r  i n c r e a s e s  r a p i d l y  w i t h  th e  v a lu e  o f  th e  f i r s t  
d e r i v a t i v e  and t h a t  th e  H . . . H  nonbonded p o t e n t i a l  i n  t h e s e  
two f o r c e  f i e l d s  a re  too  ’h a r d 1.
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T ab le  5
The ene rg y  ( k c a l  mol”*' ) p e r  H . . .H  i n t e r a c t i o n  a t  2.0&, and 
i t s  f i r s t  d e r i v a t i v e  w i t h  r e s p e c t  t o  H . . .H  d i s t a n c e  (k c a l  
mol X ) ,  f o r  the  p o t e n t i a l  f u n c t i o n  from a s e l e c t i o n  
o f  c u r r e n t  f o r c e  f i e l d s .
F o rc e  F i e l d V d V /d ra
A l l i n g e r  and Sprague ( 2 ) 4 . 4 3 -2 1  .U 9
S c h l e y e r  and c o -w ork e rs  (1) 2 . 2 6 - 9 .1 * 8
Ermer and L i f s o n  (3) 1 . 3 2 - 6 . 6 0
B a r t e l l  and co -w o rk e rs  (13) 1 . 1 2 - 5 . 3 8
Montgomery and co -w o rk e rs  (14) 1 . 0 8 - 5 . 1 0
Boyd and co -w o rk e rs  (15) 1 . 0 6 - 4 . 3 1
H end r ic k so n  (16 ) 0 . 9 5 - 3 . 8 8
White and B o v i l l  (10) 0 . 6 9 - 3 . 0 5
a
A d i r e c t  measure o f  the  " h a r d n e s s ” o f  th e  f u n c t i o n .
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(b )  1 -  Butene
Two minimum en erg y  c o n fo rm a t io n s  o f  1 - b u t e n e  a re  the  
gauche form ( I )  and th e  e c l i p s e d  form ( I I ) .
\ __ /
Me
II
H ,
H
I
E x p e r im e n ta l  e v id e n ce  i m p l i e s  t h a t  th e  two forms a re  of
18 19a p p r o x im a te ly  th e  same en e rg y  * •
F o rc e  f i e l d  c a l c u l a t i o n s  u s in g  A l l i n g e r ' s  a lk e ne  
f o r c e  f i e l d  (AFF) and an ex tended  v e r s i o n  o f  S c h l e y e r ’s 
a lk a n e  f o r c e  f i e l d  to  d e a l  w i t h  a lk e n e s  (SFF/E) o v e r e s t i m a t e  
t h e  s t e r i c  en e rgy  o f  th e  e c l i p s e d  form by o v e r  1 k c a l /m o l e .  
T h is  i s  a d i r e c t  consequence  o f  u s i n g  "h a rd"  H . . .H  p o t e n t i a l s  
( s e e  T able  5)> which t h e r e f o r e  e x a g g e r a t e  the  two r e p u l s i v e  
i n t e r a c t i o n s  i n  th e  e c l i p s e d  form .  The WBFF, on the  
o t h e r  hand ,  c a l c u l a t e s  th e  gauche form ( i )  to  be more 
s t a b l e  t h a n  th e  e c l i p s e d  form ( I I )  by o n ly  o ,6  k c a l /m o l e ,  
which  i s  e q u i v a l e n t  to  a 70^:30% m ix t u r e ,
( c )  2 -  Butene
The most s t a b l e  c o n fo rm a t io n  o f  p ropene  has  a methyl
hydrogen  e c l i p s i n g  th e  doub le  bond,  and two su ch  e c l i p s i n g
i n t e r a c t i o n s  a r e  p r e s e n t  i n  t r a n s - 2 -b u te n e  ( i l l ) ,  which i s  
e s s e n t i a l l y  s t r a i n f r e e  w i t h  r e s p e c t  to  s t e r i c  i n t e r f e r e n c e  
be tween  the  hydrogen  a tom s.  However i n  c i s - 2 - b u t e n e  (IV) 
m ain tenance  o f  two such  e c l i p s i n g  i n t e r a c t i o n s  would p l a c e  
nonbonded hydrogens  o n ly  1 .8 0  X a p a r t  i n  an i d e a l  geom etry .
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Thus p o t e n t i a l l y  d e s t a b i l i s i n g  i n t e r a c t i o n  i s ,  i n  l a r g e
m ea su re ,  r e l i e v e d  by open ing  o f  the  C=C-C__3 andSP
H-Cgp^— ^sp2  ang l e s * s t r a i n  i n  c i s - 2 - b u t e n e  r e l a t i v e
20t o  t r a n s  i s  found e x p e r i m e n t a l l y  to  be o n ly  1 .2 4  k c a l /m o le
21A cco rd in g  t o  th e  microwave spec t rum  , c i s - 2 - b u t e n e  
p o s s e s s e s  C2y -sym m etry  w i th  e c l i p s e d  methyl  g r o u p s .
H H
W
H
I— H
IVI I I
O v e r e s t i m a t i o n  o f  H . . .H  i n t e r a c t i o n s ,  i n  t h i s  c a s e ,  
h a s  t h r e e  co n seq u e n ce s ;  th e  c i s / t r a n s  en e rg y  d i f f e r e n c e  i s  
c a l c u l a t e d  to  be too  h i g h ,  the  C=C-C v a l e n c y  a n g le s  too 
l a r g e  i n  t h e  c i s  i som er  and p o s s i b l y  an i n c o r r e c t  p r e ­
d i c t i o n  o f  th e  symmetry o f  the  c i s  i so m er .  The e n t h a l p y  
d i f f e r e n c e  may be c o r r e c t e d  by th e  i n c l u s i o n  o f  a sm a l l
o n e - f o l d  component i n  the  term which d e s c r i b e s  th e  t o r s i o n
2around the  doub le  bond , b u t  th e  geometry  can  o n ly  be 
improved by r e v i s i o n  o f  th e  H . . . H  p o t e n t i a l .  Fo rce  f i e l d  
c a l c u l a t i o n s  on c i s -and t r a n s - 2 - b u te n e  have been  perform ed 
u s i n g  AFF, SFF/E and WBFF and th e  r e s u l t s  a re  t a b u l a t e d  i n  
T ab le  6 ,  which e n d o rs e s  the  o p in io n  t h a t  th e  H . . .H  p o t e n t i a l s  
i n  AFF and SFF/E a re  ' h a r d 1 compared to  t h e ’s o f t e r '  
p o t e n t i a l s  i n  WBFF, which g iv e s  a b e t t e r  r e p r e s e n t a t i o n  of
2 - b u t e n e .  F u r th e rm o re ,  AFF c a l c u l a t e d  a m o le c u la r  C^- 
symmetry w i th  methyl  groups t w i s t e d  o u t  o f  the  e c l i p s e d
-  6 0  -
T ab le  6
C a l c u l a t e d  e n t h a l p i e s  o f  i s o m e r i s a t i o n  f o r  2 -b u te n e  and 
C=C-CSp3 v a l e n c y  a n g le s  f o r  c i s - 2 - b u t e n e .
* * Hc / t 9 c=c-c
E xper im ent
0CMOC\J« 125.i+ , 1 2 6 .7
aAFF(2) 1 ,8k 1 2 7 .9
aSFF/E 1 .86 128 .2
WBFF (10) 1 .30 127.1
a The c o n s t r i b u t i o n  due to  th e  o n e - f o l d  b a r r i e r  around 
C=C has  been  d i s c o u n te d  f o r  p u rp o se s  o f  com par ison .
U n i t s  o f  e n t h a l p y  d i f f e r e n c e  i s  k c a l /m o le
- 61 -
p o s i t i o n  "by 8 . 6 ° ,  whereas  WBFF p r e d i c t  th e  c o r r e c t
m o le c u l a r  symmetry (C^y)* i n c o r r e c t  p r e d i c t i o n  o f
m o le c u la r  symmetry by AFF, may be d u e ,  i n  p a r t ,  to  the
23in c o m p le te  convergence  o f  the  m in i m i s a t i o n  . The 
geom etry  c a l c u l a t e d  by WBFF i s  shown i n  F ig u r e  1•
( d ) c i s .  c i s  -  Cyclo o c t a  - 1 , 5  ~ d ie n e  ( 1 ,3  -  COD)
C o n fo rm a t io n a l  i n t e r c o n v e r s i o n s  o f  1 ,5  -  COD were
f i r s t  s t u d i e d  e x p e r i m e n t a l l y  by Anet u s i n g  th e  dynamic
2l± 25 26NMR method and t h e n  t h e o r e t i c a l l y  by Anet , A l l i n g e r
27and Ermer u s i n g  m o le c u la r  mechanics  c a l c u l a t i o n s .  This  
t o p i c  w i l l  be d i s c u s s e d  i n  C h a p te r  3*
The minimum en erg y  c o n fo r m a t io n  o f  1 ,5  -COD has  been
2Ll 28 29shown by s p e c t r o s c o p i c  and d i f f r a c t i o n  9 s t u d i e s  and
by m o le c u la r  mechanics  c a l c u l a t i o n s ^ , ^ ^ , ^ ^ , ^ ^ , ^ <^ t o  be
u n e q u i v o c a l l y  a C2 symmetr ic  t w i s t  b o a t ,  b u t  th e  c a l c u l a t e d
2 3 3 2d e g re e  o f  t w i s t  ( i . e .  th e  Csp -Csp -Csp -Csp t o r s i o n
a n g le )  v a r i e s  from 27° to  55° d ep en d ing  on which f o r c e
f i e l d  i s  u s e d .  This  i s  n o t  a l t o g e t h e r  s u r p r i s i n g  as the
v a lu e  o f  th e  d e g re e  o f  t w i s t  depends l a r g e l y  on the
h ydro gens  on CU and C8 as can  be s e e n  from F i g .  2 .  As
th e  deg re e  o f  t w i s t  i s  i n c r e a s e d  from 0 ° ( c o r r e s p o n d s  to  a
C2V b o a t  c o n fo r m a t io n )  upwards ,  th e  two h ydrogen  move
c l o s e r  t o g e t h e r  u n t i l  a l i m i t i n g  v a lu e  i s  re a c h e d  where
t h e  d e c r e a s e  i n  t o i a o n a l  s t r a i n  i s  o f f s e t  by th e  i n c r e a s e
i n  s t e r i c  c o m p re s s io n .  The " h a r d e r "  th e  H . . . H  p o t e n t i a l
employed,  th e  so o n e r  t h i s  l i m i t i n g  v a lu e  w i l l  be r e a c h e d .
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F ig u r e  1♦ The c a l c u l a t e d  s t r u c t u r e  o f  c i s —2—b u ten e  (^2y sym m etry)•
- C3 -
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F ig u r e  2 ; The c a lc u la te d ,  t w i s t - b o a t  c o n fo rm a t io n  o f
c i s t c i s - c y c l o o c t a - l t 5~d.iene (C^ sym m etry).
Si
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AFP, SFF/E and WBFF c a l c u l a t e  th e  d e g re e  o f  t w i s t  t o  he 38° ,
0 0 2 950 and 52 r e s p e c t i v e l y .  X - ray  c r y s t a l  s t r u c t u r e  a n a l y s i s
o f  a dihromo d e r i v a t i v e  and an e l e c t r o n  d i f f r a c t i o n
e tu d y 2 ^ o f  1 ,5  -  COD g iv e  e x p e r i m e n t a l  v a l u e s  o f  65° and U5°
r e s p e c t i v e l y .  Thus a g a i n  c o n f i r m a t i o n  i s  o b t a i n e d  t h a t
t h e  H . . . H  p o t e n t i a l s  employed by A l l i n g e r  a re  much t o o .
' h a r d 1. The d e g re e  o f  t w i s t  and geometry  c a l c u l a t e d  by
th e  WBFF i s  i n  e x c e l l e n t  agreem ent  w i t h  th e  geometry
o b t a i n e d  from th e  e l e c t r o n  d i f f r a c t i o n  r e s u l t s  ( s e e  F ig u r e
2 and Table  U)*
( e )  Cyclodecane
Cyclodecane  and many o f  i t s  d e r i v a t i v e s  have been
31s t u d i e d  e x t e n s i v e l y  by X - ray  and n e u t r o n  d i f f r a c t i o n
9 32a n a l y s i s  and by IR/Raman s p e c t r o s c o p y  • A l l  t h e s e
s t u d i e s  p o i n t  to  th e  f a c t  t h a t  th e  p r e f e r r e d  c o n fo rm a t io n  
i n  th e  s o l i d ,  l i q u i d  and gaseous  s t a t e s ,  i s  t h e  b o a t -  
c h a i r - b o a t  (BCB) c o n fo r e l a t io n .  This  i s  con f i rm ed  by 
m o le c u l a r  mechanics  c a l c u l a t i o n s  i n  most c a s e s  -  t h e  WBFF 
c a l c u l a t e s  th e  BCB c o n fo r m a t io n  to  be th e  minimum en ergy  
c o n f o r m a t i o n ,  which i s  0 .5  k c a l /m o le  more s t a b l e  t h a n  th e  
n e x t  lo w e s t  c o n fo r m a t io n ,  th e  TCCC (T s t a n d s  f o r  " t w i s t e d " ) .  
However, o n ly  AFF and SFF c a l c u l a t e  th e  TCCC t o  be the  
p r e f e r r e d  minimum e n e rg y  c o n fo rm a t io n  by 1 .7  and 0 .6  
k c a l  mole r e s p e c t i v e l y  o v e r  the  BCB, which  would c o n t r a ­
d i c t  b o t h  th e  v a s t  body o f  e x p e r i m e n t a l  d a t a  and o t h e r  
m o le c u l a r  mechanics  c a l c u l a t i o n s .
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9The n e u t r o n - d i f f r a c t i o n  s t u d y  i n d i c a t e d  t h a t  th e  
p r e f e r r e d  c o n f o r m a t io n ,  the  BCB, p o s s e s s e s  s i x  s h o r t  t r a n s -  
a n n u l a r  H . . .H  d i s t a n c e s  ( < 2 . o 2 ) ( s e e  Table  h)> which w i l l  
t h e r e f o r e  be a m ajor  c o n t r i b u t o r  to  th e  s t r a i n  e n e r g y .
The TCCC does have some t r a n s a n n u l a r  i n t e r a c t i o n s  b u t  th e  
H . . . H  d i s t a n c e s  a re  l o n g e r  and e n e rg y  due to  them l e s s  
r e p u l s i v e .  This  im p l i e s  t h a t  i f  ' h a r d 1 H . . .H  p o t e n t i a l s ,  
i . e .  p o t e n t i a l s  which o v e r e s t i m a t e  th e  r e p u l s i v e  te rm ,  a re  
u s e d ,  th e  c o n t r i b u t i o n  by th e  s i x  s h o r t  H . . .H  i n t e r a c t i o n s  
t o  th e  s t e r i c  en e rgy  o f  th e  BCB i s  o v e r e s t i m a t e d  and as a 
c o n seq u e n ce ,  th e  TCCC i s  p r e d i c t e d  to  be more s t a b l e  t h a n  
BCB. S in c e  the  l a t t e r  s i x  f o r c e  f i e l d s  i n  Table  5 c o r r e c t l y  
p r e d i c t  t h e  BCB as th e  minimum energy  c o n fo rm a t io n  o f  
c y c l o d e c a n e ,  th e  v a l i d i t y  o f  th e  l i m i t i n g  v a lu e s  f o r  H . . .H 
p o t e n t i a l  f u n c t i o n s ,  d i s c u s s e d  i n  ( a ) ,  i s  e n d o r s e d .
1UA r e c e n t  e l e c t r o n  d i f f r a c t i o n  s t u d y ,  by Montgomery , 
r e v e a l e d  t h a t  gaseo u s  cy c lo d ec an e  a t  130°C c o n s i s t s  o f  a 
.m ix tu re  o f  U9% BCB, 35% TBC, 8% TBCC and 8% BCC. Force  
f i e l d s  c a l c u l a t i o n s  w i t h  WBFF, were performed on s i x  conform­
a t i o n s  -  th e  f o u r  c o n fo rm a t io n  ment ioned above,  th e  TCCC
3Uand a low e n e rg y  c o n fo r m a t io n ,  TCTC , which  had no t
16a p p ea red  t o  have been  s t u d i e d  p r e v i o u s l y  -  H end r ick son  
33and Ermer o n ly  c o n s i d e r  c o n fo rm a t io n s  i n  which  th e  
symmetry e le m e n ts  p a s s  th ro u g h  a toms,  th e  TCTC h a s ,  
however ,  a tw o - fo ld  a x i s  which p a s s e s  th ro u g h  th e  c e n t r e  o f  
t h e  r i n g .  The s t e r i c  e n e r g y ,  r e l a t i v e  t o  th e  BCB, and 
t o r s i o n  a n g le s  c a l c u l a t e d  by the  WBFF, f o r  the  s i x
-  6 8  -
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c o n fo rm a t io n s  a r e  g iv e n  i n  F ig u r e  3* A l l  s i x  conform ­
a t i o n s  were found to  co rre sp o n d  to  t r u e  minima i n  c o n t r a s t
33t o  E rm e r ’s f i n d i n g  t h a t  some were o n ly  p a r t i a l  minima .
The c a l c u l a t i o n s  co n f i rm  t h a t  the  BCB i s  th e  c o n fo rm a t io n
o f  lo w e s t  en e rgy  o u t  o f  the  s i x  and show t h a t  t h e r e  i s  a
c o r r e l a t i o n  Between th e  r e l a t i v e  s t e r i c  en e rg y  and th e
p e r c e n t a g e  o f  th e  f o u r  c o n fo r m a t io n s ,  found i n  th e  e l e c t r o n
d i f f r a c t i o n  s t u d y .  I n  a d d i t i o n ,  th e  geometry  c a l c u l a t e d  by
th e  WBFF f o r  the  BCB c l o s e l y  m i r r o r s  t h a t  found i n  th e
a c c u r a t e  n e u t r o n  d i f f r a c t i o n  s tu d y  o f  t r a n s - 1 , 6 -  
9 /c y c l o d e c a n e d i o l  ( see  Table  4 ) .
<r) Polyc .yc l ic  Alkanes
6 35E x p e r im e n ta l  work on p o l y c y c l i c  a lk a n e s  has  
r e v e a l e d  c e r t a i n  d e f i c i e n c e s  i n  some c u r r e n t  p a r a -  
m e t r i z a t i o n s  which i n  p a r t  has  been  a t t r i b u t e d  to  "an  
undue emphasis  on th e  r e p u l s i v e  n a t u r e  o f  H . . ,H  i n t e r -
5
a c t i o n s " .  P r o f e s s o r  P .  von R. S c h le y e r  h as  r e p o r t e d  a 
l i s t  o f  p o l y c y c l i c  hy d ro ca rbo n s  whose h e a t s  o f  f o r m a t io n  
a r e  p o o r l y  rep rod uced  by th e  AFF and SFF ( s e e  Table  7)
The WBFF was s u b s e q u e n t ly  a p p l i e d  to  the  same group 
o f  compounds and the  mean d e v i a t i o n  between th e  c a l c u l a t e d  
and e x p e r im e n ta l  h e a t s  o f  f o r m a t io n  i s  0 ,9 8  k c a l / m o l e ,  
which r e p r e s e n t s  a c o n s i d e r a b l e  improvement o v e r  t h e  
c o r r e s p o n d in g  v a lu e s  o f  2 .2 3  and 3*12 k c a l /m o le  o b t a in e d  
by th e  SFF and AFF. However, th e  c a l c u l a t e d  h e a t  o f  
f o r m a t i o n  f o r  manxane, by the  WBFF , d i f f e r s  from the  
r e p o r t e d  e x p e r im e n ta l  v a lu e  by abou t  6 k c a l / m o l e ,  more 
t h a n  tw ice  any o f  th e  o t h e r  d e v i a t i o n s ,  w h ich ,  t o g e t h e r  
w i t h  th e  f a c t  t h a t  SFF’s i s  i n  " e r r o r "  by k c a l /m o l e ,  
would pe rh a p s  c a s t  some doubt  on th e  a cc u ra c y  o f  th e
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e x p e r im e n ta l  h e a t  o f  f o r m a t i o n .
S c h le y e r  has  a l s o  r e p o r t e d  t h a t  AFP and SFF f o r c e  
f i e l d s  p r e d i c t  2 ,  U and 2 , 8  -  e thano-n o rad am an tan e  to  he 
i s o e n e r g e t i c , whereas i n  f a c t  th e  fo rm er  i s  the  s t a h io ra e r
-zf.
by abou t  1 .5 k c a l /m o le ^  . Our c a l c u l a t i o n s  (WBFF) 
c o r r e c t l y  i n d i c a t e  th e  2 ,  1+ -  isomer as th e  minimum 
e n e rg y  isom er  b u t  the  e n th a lp y  d i f f e r e n c e  i s  u n d e re s t im a te d  
a t  0 .5  k c a l / m o l e .
2 .i+ Some a p p l i c a t i o n s  o f  th e  WBFF
A p p l i c a t i o n s  o f  th e  Y/BFF t o  medium r i n g  and o t h e r  
c y c l i c  compounds w i l l  be d i s c u s s e d  i n  C h a p te r  3*
(a )  n -But  ane
n -  Butane has t h r e e  co n fo rm e rs ,  two o f  which a re  
m i r r o r  images o f  each  o t h e r  and a re  known as th e  "gauche" 
o r  "skew" c o n fo rm a t io n s  and one ,  more s t a b l e  by about  0 .6  
k c a l /m o le  t h a n  e i t h e r  gauche c o n f o r m a t io n a l  i so m er ,  which 
i s  known as the  " t r a n s "  o r  " a n t i "  c o n fo r m a t io n .
R e c e n t l y ,  t h e r e  has  been  some c o n t r o v e r s y  o v e r  the
e x p l a n a t i o n  f o r  th e  gauche d e s t a b i l i z a t i o n .  The c o n v e n t io n a l  
37i n t e r p r e t a t i o n  i s  t h a t  t h e  gauche i n s t a b i l i t y  can  be 
l a r g e l y  a t t r i b u t e d  to  1 . . . 6  hydrogen  r e p u l s i o n s  be tween  
gauche methyl  o r  methylene  groups w i t h  a sm a l l  c o n t r i b u t i o n  
f rom th e  1 . .  .1+ hydrogen  i n t e r a c t i o n s  about  the  c e n t r a l  
bond .  A l l i n g e r ' s  "gauche-hydrogen  h y p o th e s i s " ^ ® ,  on the
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o t h e r  hand ,  a s s i g n s  60% o f  the  c a l c u l a t e d  e n t h a l p y  d i f f e r e n c e  
be tw een  gauche-  and a n t i -  bu tane  to  th e  1 • .  .1+ gauche -  
hydrogen  i n t e r a c t i o n  and c la im s  t h a t  t h i s  i n t e r p r e t a t i o n  
i s  in dep e n d en t  o f  the  e x a c t  p a r a m e t r i z a t i o n  o f  the  f o r c e  
f i e l d .
T h is  h y p o t h e s i s  has  been  d i s c o u n te d  on b o th  p o i n t s  
12 39 UOby v a r i o u s  w o rke rs  as a l t e r n a t i v e  f o r c e  f i e l d
c a l c u l a t i o n s  w i t h  " s o f t e r 11 H . . . H  p o t e n t i a l s  t h a n  AFP
e s t i m a t e  th e  1 • • .1+ H i n t e r a c t i o n  c o n t r i b u t i o n  to  be r e l a t i v e l y  
'39 10minor  a t  2k% and 19% • This  h y p o t h e s i s  would t h e r e f o r e
seem to  depend s t r o n g l y  on th e  c h o ic e  o f  nonbonded p o t e n t i a l s ,  
p a r t i c u l a r l y  th e  H . . .H p o t e n t i a l  and the  b a la n c e  o f  f o r c e s  
i n  th e  d i f f e r e n t  f o r c e  f i e l d s ,  so t h a t  a l t h o u g h  th e  o v e r a l l  
r e s u l t s  o f  d i f f e r e n t  f o r c e  f i e l d s  a g ree  f a i r l y  w e l l ,  the  
i n d i v i d u a l  components o f  th e  s t e r i c  ene rg y  to  d i f f e r  
s i g n i f i c a n t l y ,  as s e e n  above .  The i n t e r p r e t a t i o n  o f  
m o le c u la r  p r o p e r t i e s ,  on th e  b a s i s  o f  th e  p a r t i t i o n i n g  o f  the  
c a l c u l a t e d  s t e r i c  e n e rg y ,  r e q u i r e s  extreme c a u t i o n ,  
p a r t i c u l a r l y  when the  f o r c e  f i e l d  i s  known to  have f a u l t s  
and i f  o r g a n i c  c h e m is t s  a r e  to  have f a i t h  i n  m o le c u la r  
mechanics  c a l c u l a t i o n s .
Bic.yclo ( 3 . 3 . 1 )  nonane
M
A r e c e n t  gas phase  e l e c t r o n  d i f f r a c t i o n  s t u d y  o f  
b i c y c l o  (3-3*1)  nonane found t h a t  a t w i n - c h a i r  c o n fo rm a t io n  
(V) g i v e s  the  b e s t  agreem ent  w i t h  th e  i n t e n s i t y  and r a d i a l  
d i s t r i b u t i o n  c u r v e s .  The six-membered r i n g s  show a d r a s t i c
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f l a t t e n i n g  which i s  p r o b a b ly  due to  th e  C(3) - C ( 7 )  
m ethy lene  nonbonded i n t e r a c t i o n s  s i n c e  twinned i d e a l  
c y c lo h ex a n e  r i n g s  w i t h  t e t r a h e d r a l  v a l e n c y  a n g le s  would 
have a H . . . H  s e p a r a t i o n  o f  O.75X. X -ray  s t u d i e s  o f  
d e r i v a t i v e s  o f  b i c y c l o  (3*3*1) nonane r e v e a l  t h a t  th e  
r i n g  sys tem  can  adop t  b o t h  a t w i n - c h a i r  (V) and a c h a i r -  
b o a t  (V I) c o n fo rm a t io n  and t h a t  the  t w i n - c h a i r  conform­
a t i o n s  show a s i m i l a r  f l a t t e n i n g  w i t h  th e  H . . . H  
s e p a r a t i o n  a t  C(3)> C(7)  m ethylene  g roups  b e in g  
e s t i m a t e d  a t  be tween 1 .7X -  2.0X f o r  th e  v a r i o u s  s t u d i e s .
A t w i n - c h a i r  c o n fo rm a t io n  i s  u s u a l l y  adop ted  when t h e r e  
a r e  no endo s u b s t i t u e n t s  on p o s i t i o n s  3 and T*2 , whereas  
a c h a i r - b o a t  c o n fo r m a t io n ,  i n  which th e  H3****H7 i n t e r a c t i o n  
i s  a b s e n t  b u t  th e  f a m i l i a r  " b o w s p r i t - f l a g p o l e  i n t e r a c t i o n ” 
and e c l i p s e d  hydrogen  i n t e r a c t i o n  o f  th e  cyc lohexane  
b o a t  a r e  p r e s e n t ,  i s  u s u a l l y  adopted  where t h e r e  a r e  
b u lk y  s u b s t i t u e n t s  a t  e i t h e r  o r  b o th  t h e s e  p o s i t i o n s  .
Prom an i n s p e c t i o n  o f  th e  t o r s i o n  a n g le s  i n  d e r i v a t i v e s  
3
which have sp  - h y b r i d i s e d  atoms a t  p o s i t i o n s  2 ,  3» 4 and
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6 , 7 * 8  i t  c an  be deduced t h a t  the  f l a t t e n i n g  i n  the  tw in -
c h a i r  c o n fo rm a t io n s  i s  e f f e c t e d  by d i s p l a c e m e n t s  o f  atoms
3 and 7 e s s e n t i a l l y  p a r a l l e l  to  th e  p la n e  th ro u g h  3 , 7 , 9
so t h a t  t h e r e  i s  no skewing o f  th e  r i n g s ,  which i s  obse rved  
2when sp  - h y b r i d i s e d  atoms a re  p r e s e n t  a t  any o f  t h e s e
p o s i t i o n s .  E q u i l i b r a t i o n  e x p er im en ts  i n d i c a t e  t h a t  the
t w i n - c h a i r  c o n fo rm a t io n  i s  more s t a b l e  t h a n  th e  c h a i r  b o a t
by abou t  3 k c a l  mole~^ T h is  i s  su p p o r te d  by low
1 3t e m p e r a t u r e  dynamic C NMR s t u d i e s  which f u r n i s h  a l i m i t
f o r  th e  f r e e  ene rg y  d i f f e r e n c e  between th e  two c o n fo rm a t io n s
JLl5as b e in g  ^  1 .40  k c a l /m o le  •
The b i c y c l o  (3*3*1) nonane sys tem s has  been
i n v e s t i g a t e d  u s i n g  m o le c u la r  mechanics  c a l c u l a t i o n s  by
17 1 10AFP , SPF , and WBFF , and from th e  f o r e g o i n g  d i s c u s s i o n ,
i t  i s  obv ious  t h a t  th e  c h o ic e  o f  the  H . . . H  p o t e n t i a l  used 
i n  each  f o r c e  f i e l d  w i l l  s t r o n g l y  i n f l u e n c e  th e  r e l i a b i l i t y  
o f  t h e  c a l c u l a t e d  geometry  and s t e r i c  en e rgy  o f  th e  two 
■ confo rm a t ions .  APP, which employs ’h a r d ’ H . . . . H  p o t e n t i a l s ,  
c a l c u l a t e  th e  H3***H7 s e p a r a t i o n  to  be 2 .1 5 2  and the  
e n t h a l p y  d i f f e r e n c e  be tw een  the  t w i n - c h a i r  and c h a i r - b o a t  
c o n fo r m a t io n s  to  be 1 . 2 4  k c a l /m o l e ,  whereas  th e  WBFF which 
u s e s ” s o f t e r ” H . . . H  p o t e n t i a l s ,  c a l c u l a t e s  th e  s e p a r a t i o n  to  
be 1 .9 7 2  and th e  e n t h a l p y  d i f f e r e n c e  to  be 2 .8 9  k c a l /m o le  
which  a re  i n  much b e t t e r  agreement  w i t h  th e  e x p e r im e n ta l  
v a l u e s  ( e s t i m a t e d  to  be 1 . 7 2 -  2 .o 2  and 3 k c a l / m o l e ) .  AFF’s 
v a lu e  o f  2 .1 5 2  i s  much too  lon g  as th e  c o r r e s p o n d i n g  
d i s t a n c e  i n  9 - t h i a  b i c y c l o  (3*3*1 ) - n o n a n e - 2 , 6 - d io n e  (a  
compound i n  which th e  r i n g s  i n  th e  t w i n - c h a i r  c o n fo rm a t io n
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a r e  skewed) i s  2 . 07$
The c a l c u l a t e d  r i n g  t o r s i o n  a n g le s  f o r  th e  t w i n -
c h a i r  c o n fo rm a t io n  a re  compared w i th  th o se  from an X -ray
c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  b i s - 9 - b o r a b i c y c l o ( 3 * 3 . 1  ) -
n o n a n e ^  i n  F ig u r e  U and th e  c a l c u l a t e d  r i n g  t o r s i o n  an g le s
f o r  t h e  h o a t - c h a i r  c o n fo rm a t io n  a re  compared w i t h  th o se
from an X - ra y  c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  3 -b rom o-9-
U 3b e n z o y l - 9 - a z a b i c y c l o  (3*3*1) nonane-2 -one  i n  F i g u r e  5*
( c ) S t e r i c a l l . y  crowded doub le  bonds
When f o u r  groups a t t a c h e d  to  an o l e f i n i c  l i n k a g e  
d e v i a t e  s i g n i f i c a n t l y  from c o p l a n a r i t y  w i t h  th e  t r i g o n a l  
c e n t r e s ,  th e  TT-hond i s  weakened due to  poor  o v e r l a p .
Such d i s t o r t i o n s  may he induced hy c o n s t r a i n i n g  th e  doub le  
hond i n  c e r t a i n  c y c l i c ,  h i c y c l i c  o r  p o l y c y c l i c  sys tem s o r  
i n  th e  p re s e n c e  o f  crowded h u lk y  s u b s t i t u e n t s .  This  
weakening  i n  th e  TT-bond can  be d e t e c t e d  by th e  low o l e f i n i c  
v i b r a t i o n a l  f r e q u e n c y  and long  u l t r a v i o l e t  a b s o r p t i o n  
w a v e le n g th .
T h is  seemed a good a r e a  t o  t e s t  th e  a p p l i c a b i l i t y  
o f  th e  WBFF, as i t  p roduced r e l i a b l e  r e s u l t s  f o r  1 - b u te n e  
and 2 - b u t e n e ,  where th e  doub le  bonds a re  s t e r i c a l l y  
c rowded.  R e p u ls iv e  nonbonded i n t e r a c t i o n s  which r e s u l t  
from s t e r i c  crowding a c r o s s  a doub le  bond may, i n  p r i n c i p l e ,  
be r e l i e v e d  by bond s t r e t c h i n g ,  v a l e n c e  a n g le  d e f o r m a t i o n  
and th e  t w i s t  o f  the  c e n t r a l  bond.
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-53
(a )
-52
F ig u r e  4 : The c a l c u l a t e d  r in g  t o r s i o n  a n g le s  (a )  o f  t h e  t w i n -
c h a ir  c o n fo rm a tio n  o f  b i c y c l o ( 3 . 3 . 1 ) nonane compared 
w ith  t h e  C^y averaged  e x p e r im en ta l  v a l u e s  o f  b i s - 9 -  
b o r a b i c y c l o ( 3 • 3 . l )n o n a n e  ( b ) .
<53
114 -7 119 0
\ m  y / \ _ 2 X *
-6 7 56 -6 4 56
N ^ 9  / ^ * 5 4  X
( a )  (b)
F ig u r e  5 •  The c a l c u l a t e d  r in g  t o r s i o n  a n g l e s ( a )  o f  t h e  b o a t -
c h a ir  c o n fo rm a tio n  o f  b i c y c l o ( 3 - 3 « l ) n o n a n e  compared 
w it h  t h e  Cg averaged  e x p e r im en ta l  v a lu e s  o f  3-bromo- 
9 - b e n z o y l - 9 - a z a b i c y c l o ( 3 « 3 » l ) n o n a n e - 2 - o n e  ( b ) •
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VII
T e t r a - t e r t - b u t .v le th y le n e  ( V I I ) has  no t  y e t  "been 
r e p o r t e d  h u t  i t  may he exp ec ted  t h a t  s t e r i c  r e p u l s i o n  might 
a l l e v i a t e d  hy a t o t a l l y  u n r e a l i s t i c  s t r e t c h  o f  th e  double  
hond o r  hy s u b s t a n t i a l  t o r s i o n .  C a l c u l a t i o n s ^  s u g g e s t  a 
75° t w i s t  which would th us  g iv e  t h i s  compound s u b s t a n t i a l  
d i r a d i c a l  c h a r a c t e r .
1,0
One compound which has  been  s t u d i e d  hy s p e c t r o s c o p y  
i s  h i a d a m a n ty l id e n e  ( V I I I ) .  This  compound e x h i b i t s  a 
p l a n a r  doub le  bond i n  s p i t e  o f  th e  p r e s e n c e  o f  s i g n i f i c a n t l y  
r e p u l s i v e  nonbonded hydrogen  i n t e r a c t i o n s .  M olecu la r  
mechanics  c a l c u l a t i o n s ,  w i t h  WBFF, were i n  e x c e l l e n t
VIII
agreem ent  w i t h  t h i s  o b s e r v a t i o n  -  t h e  c a l c u l a t e d  o l e f i n i c  
t o r s i o n a l  a n g le  was 0° -  and th e  hydrogens  were found to  
e c l i p s e  th e  do u b le  bond .  The c a l c u l a t e d  s t e r i c  e n e rg y ,
Vs ,  was o n ly  2^*00 k c a l / m o l e ,  which i n d i c a t e s  t h a t  the  
compound has  abou t  t h e  same s t r a i n  as 5 - e t h y l i d e n e n o r -  
b o rn en e  and v/hich i s  abou t  tw ice  th e  s t e r i c  e n e rg y  o f  
adamantane ( 1 1 .3k k c a l / m o l e ) .  The c e n t r a l  bond l e n g t h e n i n g
-  7 8  -
i s  n o t  v e r y  s t r o n g  -  1 .3U9& as compared to  1 .3352 i n  
e t h y l e n e  -  and the  Csp2 -  Csp^ i s  1 .5232 compared 1 .5012  
i n  p ro p e n e .  The C = C -Csp2 v a le n c y  ang le  i s  o n ly  1 2 3 .6 °  
and ,  as a r e s u l t ,  t h e  H . . . . H  d i s t a n c e  i s  o n ly  1 .8 7 2 .  The 
r i g i d  adamantane r i n g s ,  i n  V I I I ,  a re  n o t  s u b s t a n t i a l l y  
d i f f e r e n t  from an i s o l a t e d  adamantane m o le cu le .  These 
r e s u l t s  i n d i c a t e  t h a t  the  s t e r i c  crowding i n  b ia d a m a n t -  
y l i d e n e  i s  r e l i e v e d  m o s t ly  by bond s t r e t c h i n g  a lo n e .
3Opening o f  th e  C = C-Csp v a le n c y  a n g le  to  about  
127°> as i n  c i s - 2 - b u t e n e ,  would s e v e r e l y  d i s t o r t  the  
p r e f e r r e d  geometry  o f  the  adamantane r i n g s  and t w i s t i n g  
abou t  th e  doub le  bond would minimise the  H . . . . H  
i n t e r a c t i o n s  a c r o s s  th e  r i n g s  b u t  would a g g ra v a t e  o t h e r  
r e p u l s i v e  nonbonded i n t e r a c t i o n s  and r e s u l t  i n  a weakening 
o f  th e  TT-bond •
A
An X -ray  s t u d y  o f  s y n - b i s - 2 .2 - f e n c h y l i d - e n e - E  (IX)
U9h a s  been  r e p o r t e d  by S im o n e t ta  . There i s  c o n s i d e r a b l e
IX
s t e r i c  h in d r a n c e  i n  t h i s  m olecu le  as a r e s u l t  o f  th e  
nonbonded i n t e r a c t i o n s  which a r i s e  from th e  p r e s e n c e  of  
t h e  s i x  m ethyl  groups abou t  the  doub le  bond.  M olecu lar  
m echanics  c a l c u l a t i o n s  have been  used to  i n v e s t i g a t e  t h i s
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m olecu le  i n  an a t t e m p t  to  u n d e rs t a n d  how the  s t e r i c  
h in d r a n c e  e f f e c t s  th e  m o le c u la r  geometry  and en e rg y .
The s t e r i c  e n e rg y ,  Vs, o f  t h i s  molecule  i s  
c a l c u l a t e d  t o  "be 63 .75  k c a l /m o le  which i n d i c a t e s  t h a t  
t h e  m o lecu le  i s  h i g h l y  s t r a i n e d  much of  which i s  due to 
Baeyer  s t r a i n .
C a l c u l a t i o n s  i n d i c a t e  t h a t  th e  s t e r i c  h in d ra n c e  
c a u se s  a s l i g h t  d e fo r m a t io n  i n  the  c e n t r a l  hond l e n g t h  
(1 . 360S) and a s l i g h t l y  l a r g e r  d e fo r m a t io n  i n  th e  Csp2-  
Csp^ hond (1 .5 3 US)* The v a le n c y  a n g le s  a re  a l s o  a d ju s te d  
t o  m in im ise  th e  nonhonded i n t e r a c t i o n s  between th e  methyl 
g r o u p s .  The C=C-Csp^ v a le n c y  a n g le s  a re  opened to  1 2 6 .0 °  
and 1 2 6 . 8° w i t h  th e  Csp^-Csp^-Csp^ ang le  d i f f e r i n g  
s i g n i f i c a n t l y  from t h e i r  e q u i l i b r i u m  (1 0 9 . 5° )  v a lu e  -  
t h o s e  i n v o lv i n g  th e  ca rb o n  w i th  a s i n g l e  m ethyl  group a re  
o b se rv ed  to  be 1 2 3 «U° w h i le  th e  o t h e r  f o u r  a n g le s  a s s o c i a t e d  
w i t h  th e  c a rb on s  which each  b e a r  two methyl  g roups have 
th e  ave rage  v a lu e  o f  115*8°* The o l e f i n i c  t o r s i o n a l  
a n g le  i s  obse rved  to  be 1 1 . 8° i n  th e  c r y s t a l .  This  i s  
s i m i l a r  t o  th e  v a lu e  o f  15*3° c a l c u l a t e d  by th e  WBFF, b u t  
i s  s i g n i f i c a n t l y  d i f f e r e n t  from th e  v a lu e  o f  2U ° c a l c u l a t e d  
by AFF. T h is  s u p p o r t s  th e  view t h a t  th e  AFF u s e s  H . . .H  
p o t e n t i a l s  which a re  u n a c c e p t a b l y  ' h a r d * .  These d e fo r m a t io n s  
r e s u l t  i n  th e  s h o r t e s t  1-6  c o n t a c t s  be tween  th e  methyl  
g roups  b e in g  3 *1 oX and th e  l o n g e r  ones b e in g  3 *M+2 .
-  8 0  -
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  A l l i n g e r  has  r e c e n t l y
2 78upgraded  h i s  1972 f o r c e  f i e l d  9 . This  was accom pl ished
by th e  i n c l u s i o n  o f  o n e - f o ld  and tw o - fo ld  b a r r i e r s  i n  the  
t o r s i o n a l  p o t e n t i a l s  w i t h  the  r e s u l t  t h a t  th e  new H . . .H  
p o t e n t i a l  was made s o f t e r  and s m a l l e r .  As e x p e c t e d ,  
t h e  r e l i a b i l i t y  o f  th e  f o r c e  f i e l d  i s  g r e a t l y  improved.  
The s t a n d a r d  d e v i a t i o n  between th e  c a l c u l a t e d  and 
e x p e r i m e n t a l  h e a t s  o f  f o r m a t io n  o f  k2 h yd ro ca rb on s  i s
0.1+2 k c a l / m o l e .  The new f o r c e  f i e l d ,  i n  c o n t r a s t  t o  the  
o ld  o ne ,  c o r r e c t l y  p r e d i c t s  th e  BCB as th e  minimum 
e n e rg y  c o n fo rm a t io n  o f  c y c lo d e c a n e .  In  a d d i t i o n ,  he
70
a l s o  r e t r a c t s  h i s  "g auche-hydrogen  h y p o t h e s i s "  , b u t
a t^ t h e  same t im e ,  does n o t  a c c e p t  th e  c o n v e n t io n a l  
37e x p l a n a t i o n s  •
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CHAPTER THREE
A p p l i c a t io n  o f  t h e  W h i te - B o v i l l  f o r c e  f i e l d  (WBFF) 
t o  t h e  c o n fo r m a t io n a l  a n a l y s i s  o f  
c y c l i c  h y d rocarb on s ,
- 87 -
3 .1 .  I n t r o d u c t i o n
C o n fo rm a t io n a l  a n a l y s i s  c o u ld  p r o f i t a b l y  u t i l i z e  more 
d e t a i l e d  knowledge of  th e  r e l a t i o n s h i p  between conforma­
t i o n a l  s t r u c t u r e  and energy .  M olecu lar  mechanics  (MM) 
c a l c u l a t i o n s  supp ly  t h i s  i n f o r m a t io n  and, in  a d d i t i o n ,  
p r e d i c t  p r o p e r t i e s  o f  u n o b se rv ab le  c o n fo rm a t io n ,  e . g .  t r a n s i ­
t i o n  s t a t e s .
I t  i s  u s u a l  t o  c l a s s i f y  c a r b o c y c l i c  r i n g s  as f o l lo w s :
sma11 3 ,4
"no rm al” 5 , 6 , 7
medium 8 , 9 , 1 0 , 1 1
l a r g e  11
The s t r a i n  e n e r g i e s  and g e o m e t r i e s  o f  c y c l e n e s ,  w i th  
one double  bond in  t h e  r i n g ,  r a n g in g  from a n d w i th
two double  bonds in  th e  r i n g ,  r a n g in g  from C g - C ^  have been 
c a l c u l a t e d  u s in g  t h e  W h i t e - B o v i l l  Force  F i e l d  (WBFF), which 
was d e s c r i b e d  in  C hapte r  2. In t h e  p a r a m e t r i z a t i o n  o f  th e
j)e
WBFF , use  was made o f  what e x p e r im e n ta l  d a ta  was a v a i l a b l e  
f o r  medium r i n g  compounds, which most of  th e  s tu d y  w i l l  be 
conce rn ed  w i th  and which had been l a r g e l y  n e g l e c t e d  in  t h e  
p a r a m e t r i z a t i o n  of  o t h e r  f o r c e  f i e l d s .  I t  was t h e r e f o r e  
p o s s i b l e  t o  p l a c e  a c e r t a i n  deg ree  of  c o n f id e n c e  in  our 
r e s u l t s  from th e  i n v e s t i g a t i o n  of  th e  p l e t h o r a  of  conforma­
t i o n s  and t r a n s a n n u l a r  i n t e r a c t i o n s  e x h i b i t e d  by medium 
r i n g s .
* The WBFF produced  e x t r e m e ly  r e l i a b l e  r e s u l t s  f o r  
g e o m e t r i e s ,  h e a t s  o f  fo r m a t io n  and h e a t s  o f  hydrogenation 
o f  a number of  medium r i n g  compounds.
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Combustion measurements a l lo w  an e s t i m a t e  t o  be made 
o f  t h e  t o t a l  s t r a i n  in  c y c l o a l k a n e s  r e l a t i v e  t o  a c y c l i c  
a l k a n e s  which a r e  assumed t o  be s t r a i n - f r e e . ' * '  A l l  r i n g s ,  
e x c e p t  c y c lo h ex an e ,  have h ig h e r  h e a t s  of  combust ion  p e r  
m ethy lene  group,  and th e  e s t i m a t e d  t o t a l  s t r a i n  p e r  mole 
i s  g iven  below.
RING SIZE (n) 5 6 7 8 9 10 11 12 13 14
ESTIMATED TOTAL
STRAIN ( k c a l .
1 mole) 7 0 6 10 13 12 12 4 5 0
The medium r i n g s  th u s  p o s s e s s  a s p e c i a l  c o n f o r m a t i o n a l  
s i t u a t i o n  in  t h a t  they  have more s t r a i n  t h a n  th e  "no rm al” 
and l a r g e  r i n g s .  On t h e  b a s i s  of  i n f o r m a t i o n  from s p e c t r o ­
s c o p i c  and X-ray d i f f r a c t i o n  and from i n s p e c t i o n  of  m o le cu la r  
model , we can a n t i c i p a t e  3 t y p e s  o f  s t r a i n  in  medium r i n g s .
1. T r a n s a n n u la r  S t r a i n , which i s  due t o  crowding of  a toms, 
u s u a l l y  hydrogens ,  a c r o s s  t h e  r i n g .  In c y c lo d e c a n e ,  th e  
major  c o n t r i b u t i o n  t o  t h e  s t r a i n  energy  of  t h e  BCB conforma­
t i o n  a r i s e s  from s i x  ve ry  s h o r t  H . . . .  H c o n t a c t s  which
l i e  on t h e  r e p u l s i v e  p o r t i o n  o f  t h e  Van der  Waals cu rve .
2. P i t z e r  S t r a i n , i s  due t o  t h e  e x i s t e n c e  o f  e c l i p s e d  con­
f o r m a t io n s ,  e . g .  in  c y c lo d e c a n e ,  t h e r e  a r e  2 a n t i -  and
8 gauche -  bu tan e  i n t e r a c t i o n s .
3
3. Baeyer or  Angle S t r a i n , e . g .  i n  c y c lo d e c a n e ,  th e  CSp -
O  O  Q
CSp -  CSp° a n g le s  a r e  i n c r e a s e d  t o  a mean v a lu e  o f  117
t o  m in im ise  P i t z e r  and t r a n s a n n u l a r  s t r a i n  s i n c e  v a le n c e
a n g le  d e fo rm a t io n  i s  e n e r g e t i c a l l y  "cheap" .
3
We a l s o  might  a n t i c i p a t e  t h a t  t h e  c o n v e r s io n  o f  sp
ot o  sp^ h y b r i d i z a t i o n  a t  one o r  more ca rbon  atom i s  f a v o u re d
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2i n  some of  t h e s e  sys tem s  because  th e  sp c o n f i g u r a t i o n  has
3
a s m a l l e r  number of  C-H bonds th an  th e  sp c o n f i g u r a t i o n  
and th u s  l e a d s  t o  a r e d u c t i o n  in  s t r a i n ,  due in  p a r t  t o  
t h e  p r o x im i ty  o f  s u b s t i t u e n t s  on o p p o s i t e  s i d e s  o f  t h e  
r i n g s  and t o  bond o p p o s i t i o n s .  However, changes  o f  bond 
h y b r i d i z a t i o n  may p roduce  co nco m itan t  changes  in  a n g le  
s t r a i n  a n d /o r  t r a n a n n u l a r  s t r a i n .  These changes  may be 
e i t h e r  f a v o u r a b l e  o f  u n fa v o u r a b le .
T his  s u p p o s i t i o n  i s  su p p o r t e d  by a number o f  r e a c t i o n s  
which show t h e  e f f e c t s  o f  I - s t r a i n ,  which i s  d e f i n e d  a s  th e  
"change in  i n t e r n a l  s t r a i n  which r e s u l t s  from change in  
c o o r d i n a t i o n  number of  a r i n g  atom in v o lv e d  in  chem ica l  
r e a c t i o n " . ^
1. R e a c t i o n s  of  Cycloalkanones w i th  Hydrogen Cyanide t o
3
g iv e  Cyanohydrins
Ring 5 6 7 8 9 10 11 12 13 14S ize
K 3 .33  70 0 .5 4  0 .0 8 1  0 .0 41  sm a l l  0 .0 63  0 .2 2 6  0 .2 6 9  1 .17
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2. A c e t o l y s i s  o f  C y c lo a lk y l  T o s y l a t e s 4
GHOTs >  (C
+ 0Ac
Ring
S iz e  5 6 7 8 9 10 11 12 13 14
R e l a t i v e
k a t  70 10 .5  0 .7 5  1 9 .0  144 129 286 30 .8  2 .44  2 .6 3  0 .9 9
In r e a c t i o n  1, t h e  d i s s o c i a t i o n  o f  th e  c y an o h y dr in  r e s u l t s
bond a n g le s  ( d i s t r i b u t e d  over t h e  whole r i n g ) , bu t  much
more im p o r t a n t ,  t h e r e  i s  a r e d u c t i o n  of  t r a n s a n n u l a r  s t r a i n ,
so  t h a t ,  in  t h e  c a se  of  medium r i n g s ,  t h e  e q u i l i b r i u m  l i e s
t o  t h e  l e f t .  In r e a c t i o n  2, t h e r e  i s  a r e l i e f  o f  t r a n s -
, 2a n n u la r  s t r a i n  in  t h e  t r a n s i t i o n  s t a t e  (sp  h y b r i d i s e d ) .
The a c t i v a t i o n  energy  i s  lo w e s t ,  hence  t h e  r a t e  i s  h i g h e r ,
when t h e  ground s t a t e  com press ion  i s  g r e a t e s t ,  a s  i t  i s  in
t h e  medium r i n g s .  The i n c r e a s e  i n  a n g u la r  s t r a i n  on 
3 2going  from sp t o  sp  a g a i n  i s  l e s s  im p o r t a n t .  G e n e r a l l y ,  
i n  t h e  r e g i o n  o f  medium r i n g s ,  r e a c t i o n s  which in v o lv e  an
3
in  an i n c r e a s e  o f  t h e  a l r e a d y  s t r a i n e d  sp - h y b r i d i z e d
i n c r e a s e  in  I - s t r a i n a r e  s low and r e a c t i o n s
which in v o lv e  a d e c r e a s e  in  I - s t r a i n a r e
f a s t .
3 .2 .  The E f f e c t  o f  i n t r o d u c i n g  a doub le  bond i n t o
C y c lo a lk a n e s , C7-C^q 
Columns (1) and (2) in  Table  1 m i r r o r  t h e  same t r e n d
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i n  s t r a i n  a s  t h a t  d e r i v e d  from t h e  h e a t  o f  combus t ion  
measurements  and co n f i rm  t h a t  th e  i n t r o d u c t i o n  o f  a c i s  
doub le  bond i n t o  t h e  r i n g  r e s u l t s  in  a r e d u c t i o n  in  s t r a i n ,  
a s  p r e d i c t e d  above.  Column 3, however , does n o t  show t h i s  
t r e n d .  M olecu lar  mechanics  c a l c u l a t i o n s  i n d i c a t e  t h a t  th e  
i n t r o d u c t i o n  of  a t r a n s  r a t h e r  th an  a c i s  double  bond l e a d s  
t o  u n f a v o u r a b l e  changes  in  t o r s i o n a l  s t r a i n ,  and t o  a 
s m a l l e r  bu t  s i g n i f i c a n t  change,  in  a n g le  s t r a i n  and t r a n s ­
a n n u la r  s t r a i n .  These s t r a i n  components a r e  l a r g e s t  in  
Cg compound and d e c r e a s e  a s  r i n g  s i z e  i n c r e a s e s  s i n c e  t h e  
s t r a i n  a s s o c i a t e d  w i th  th e  i n t r o d u c t i o n  o f  a t r a n s  double  
bond can be d i s t r i b u t e d  more e f f i c i e n t l y  in  t h e  l a r g e r  
r i n g s .  F u r th e rm o re ,  th e  poor  TT o v e r l a p ,  which a r i s e s  a s  
a r e s u l t  of  t h e  t w i s t i n g  of t h e  doub le  bonds in  t r a n s -  
c y c l o a l k e n e s , t h e  s t r a i n e d  O bonds and nonbonded r e p u l s i o n s  
make some of  t h e s e  compounds h i g h ly  r e a c t i v e  and d i f f i c u l t  
t o  i s o l a t e  e . g .  t r a n s - c y c l o h e p t e n e .
Heats  o f  h y d r o g e n a t io n  f o r  c y c l o a l k e n e s  (c i s  
and t r a n s )  a g re e  f a v o u r a b ly  w i th  t h e  o b se rv ed  v a lu e s  and 
e n a b l e s  some c o n f id e n c e  t o  be p l a c e d  i n  t h e  above o b s e r v a ­
t i o n s  ( see  Table  2 ) .
3 . 3 .  The E f f e c t  o f  i n t r o d u c i n g  a second  double  bond i n t o  
C y c lo a lk e n e s ,  Cg-C1Q
The i n t r o d u c t i o n  of  a second  c i s  doub le  bond i n t o  c i s -  
c y c l o o c t e n e  a t  ca rbon  5 r e s u l t s  in  an i n c r e a s e  in  s t r a i n  of  
2 .1 7  k c a l . /  mole. The minimum energy  c o n fo rm a t io n  of  
c i s ,  c i s - 1 , 5 - c y c l o o c t a d i e n e  has  been shown by s p e c t r o s c o p i c  
and d i f f r a c t i o n  s t u d i e s  t o  be a t w i s t - b o a t  (F ig u re  1, s e e
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F ig u r e  1 : The c a l c u l a t e d  t w i s t - h o a t  con form ation  o f
c i s , c i s -  c y c l o o c t a - l , 5 “^ i ene (Cg symmetry)#
~*5 .
Co
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a l s o  C hap te r  2 . 3 ( d ) ) .  In F ig u re  1, The Cl . . .  C6 and
C4 . . .  C7 nonbonded d i s t a n c e s  a r e  found e x p e r i m e n t a l l y 6 
°  °t o  be 3 .0 5  A and 3 .1 9  A r e s p e c t i v e l y .  The c o r r e s p o n d in g
o o
v a l u e s ,  c a l c u l a t e d  by th e  WBFF a r e  3 .08 A and 3 .19  A
r e s p e c t i v e l y , which a r e  in  good agreement w i th  t h e  e x p e r im e n ta l
v a lu e s .  The H4 . . .  H8 d i s t a n c e  i s  c a l c u l a t e d  to  be 1 .94 A.
A l l  t h e s e  nonbonded i n t e r a c t i o n s  l i e  on t h e  r e p u l s i v e
p o r t i o n  o f  t h e  Van der  Waals cu rv e s  and th u s  g ive  r i s e  t o
t r a n s a n n u l a r  s t r a i n .  The more im p o r tan t  f a c t o r  h e re  i s
t h a t  th e  C = C -  C 3 bond a n g le s  a r e  i n c r e a s e d  t o  a meansp
v a lu e  o f  1 2 7 .8 °  and t h e  C 2 - C  3 -  C 3 a n g le s  t o  asp sp sp
mean v a lu e  o f  1 1 5 .8 °  in  o r d e r  t o  accommodate t h e  second 
c i s  double  bond i n t o  t h e  e i g h t  membered r i n g .  This  Baeyer 
s t r a i n  and t r a n s a n n u l a r  s t r a i n  a r e  m a n i f e s t e d  i n t h e  s t r a i n  
energy  components .
The i n t r o d u c t i o n  o f  a t r a n s  double  bond i n t o  c i s -  
c y c l o o c t e n e ,  which y i e l d s  1 , 5 - c i s , t r a n s - c y c l o o c t a d i e n e  
l e a d s  t o  an i n c r e a s e  of  16.79 k c a l . / m o l e  in  t h e  o v e r a l l  
s t e r i c  ene rg y .  S i m i l a r l y ,  when a t r a n s  coub le  bond i s  
i n t r o d u c e d  i n t o  t r a n s - c y c l o o c t e n e  to  g ive  1 , 5 - t r a n s , t r a n s - 
c y c l o o c t a d i e n e ,  t h e  s t e r i c  energy  i n c r e a s e s  by 17.26 k c a l . /  
mole. As i n  t h e  c a se  of  t h e  i n t r o d u c t i o n  of  th e  f i r s t  
t r a n s  doub le  bond i n t o  an e ight-membered  c y c l i c  compound, 
t h e  i n t r o d u c t i o n  o f  t h e  t r a n s  double  bonds in  t h e  l a t t e r  
two c a s e s  r e s u l t s  i n  l a r g e  and u n fa v o u ra b le  changes in  
t o r s i o n a l  s t r a i n  and t r a n s a n n u l a r  s t r a i n  a s  w e l l  a s  s m a l l e r  
i n c r e a s e s  in  Baeyer s t r a i n .
The s t e r i c  energy  o f  t h e  minimum energy  c o n fo rm a t io n  of  
c i s , c i s - 1 , 5 - c y c l o n o n a d i e n e ,  th e  c h a i r  (F ig u re  2) i s  3 .2 1  k . c a l  
/mole l e s s  t h a n  t h a t  o f  c i s - c y c lo n o n e n e .  This  d e c r e a s e  i s
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F ig u r e  2 : The minimum energy  con form ation  o f  c i s , c i s - 1 . 5 -
c y c lo n o n a d ie n e .
F igure The minimum energy  c on form ation  o f  c i s , c i s
1 16- c y c l o d e c a d ie n e .
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due t o  t h e  f a c t  t h a t  t h e r e  i s  a d e c r e a s e  in  t h e  crowding 
o f  atoms a c r o s s  t h e  r i n g  because  t h e r e  a r e  fewer hydrogens 
in  t h e  d i e n e  and a l s o  because  t h e  minimum energy  conforma­
t i o n  o f  t h e  d ie n e  i s  a c h a i r ,  in  which Cl . . .  C6 nonbonded
o
d i s t a n c e  i s  3 .34  A and which i s  r e l a t i v e l y  s t r a i n - f r e e .
S i m i l a r l y ,  t h e  s t e r i c  energy  o f  c i s , c i s - l , 6 - c y c l o d e c a d i e n e
i s  4 .3 1  k c a l  . /  mole lower th an  c i s - c y c l o d e c e n e .  The
minimum energy  co n fo rm a t io n  i s  a g a in  a c h a i r  (F igure  3) ,
which i s  r e l a t i v e l y  s t r a i n - f r e e  and C 2 . . .C 6  nonbonded i s  
o
3 .65  A. T h is  d e c r e a s e  i s  mainly  due to  a d e c r e a s e  in  t r a n s ­
a n n u la r  s t r a i n  because  t h e r e  a r e  fewer C-H bonds and t o  a 
d e c r e a s e  in  a n g le  s t r a i n  because  t h e  i n t e r n a l  r i n g  a n g le s  do 
n o t  have t o  i n c r e a s e  as  much t o  minimise  t h e  t r a n s a n n u l a r  
s t r a i n .
The minimum energy co n fo rm a t io n  of  c i s ,  t r a n s - 1 , 6 -
c y c lo d e c a d ie n e  (F ig u re  4) i s  only  1 .9  k c a l .  / m o l e  lower
th a n  c i s - c y c lo d e c e n e .  In F ig u re  4, t h e  Cl . . .  C7 nonbonded
o
d i s t a n c e  i s  2 .99  A ( th e  a s s o c i a t e d  non bonded energy  i s  
0 . 7  k c a l . / m o l e  in  WBFF), so t h a t  t h e  t r a n s a n n u l a r  s t r a i n  
w i l l  n o t  be re d u c e d .  The major r e d u c t i o n  in  energy  i s  
due to  a r e d u c t i o n  in  Baeyer s t r a i n  (which i s  a r e s u l t  o f  
th e  d e c r e a s e  in  t h e  number o f  C-H bonds) .  However, i t  i s  
i n t e r e s t i n g  t o  n o te  t h a t  th e  t o r s i o n a l  energy  i s  h ig h e r  (by 
0 .3 4  k c a l / m o l e )  in  th e  c i s ,  t r a n s - d i e n e  th a n  in  t h e  c i s  ene 
which i n d i c a t e s  t h a t  th e  i n t r o d u c t i o n  of  t h e  t r a n s  double  
bond i n t o  c i s - c y c l o d e c e n e  s t i l l  p roduces  u n f a v o u r a b l e  changes 
in  P i t z e r  s t r a i n .
The minimum energy co n fo rm a t io n  of  t r a n s , t r a n s - 1 , 6 -
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F ig u re  4 : -he  minimum ©".er£y c o n fo im a iio n  o f  c i s t t r a n s ­
i t  6 -o y c lo d e c a d  :.cn e .
f i g u r e  rj ; ih e  minLmum c n o - jy  confor m:ica o f  t ran s , t r a n s - - > 6 -  
c y c lo d c c a d ie n e .
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c y c lo d e c a d ie n e  has been shown t o  be t h e " c h a i r - c h a i r " con­
fo r m a t io n  (F ig u re  5 ) .  This  co n fo rm a t io n  i s  computed t o  be 
4 .5 5  k c a l . / m o l e  lower th an  t h a t  o f  t r a n s -c y c lo d e c e n e .
The change in  h y b r i d i s a t i o n  in  t h i s  c a s e ,  p ro d u ce s  a 
r e d u c t i o n  i n  t o r s i o n a l  s t r a i n  and a n g le  s t r a i n .  I t  a l s o  
p ro d u ce s  a r e d u c t i o n  in  th e  t r a n s a n n u l a r  i n t e r a c t i o n s  i n v o l v ­
in g  t h e  hydro gen s ,  b u t ,  s i n c e  th e  Cl . . .  C7 and C2 . . .  C6
ononbonded d i s t a n c e s  a r e  bo th  only 2 .84  A, t h e  Van der  Waals 
p r o f i l e s  o f  t h e  two double  bonds a r e  f o r c e d  t o  i n t e r p e n e t r a t e  
and r e s u l t  i n  a s t r a i n  energy  component of  2 .58  k c a l . /  mole. 
Thus t h e  t r a n s a n n u l a r  s t r a i n  i s  0 . 2  k c a l  . / m o l e  h ig h e r  in  
t h e  d ie n e .
On t h e  b a s i s  o f  t h e  r e s u l t s  in  Table  1, t h e  f o l lo w in g  
p o i n t s  may be deduced:
(a) The l e a s t  s t r a i n e d  Cg compound i s  c i s - c y c lo o c t e n e a n d  
t h e  most s t r a i n e d  i s  t r a n s ,  t r a n s - 1 , 5 - c y c l o o c t a d i e n e .
(b) t h e  l e a s t  s t r a i n e d  C^ compound i s  c i s , c i s - 1 , 5 -c y c lo n o n a -  
d ie n e  and t h e  most s t r a i n e d  i s  t r a n s , t r a n s - 1 , 5 - c y c l o n o n a d i e n e .
(c) t h e  l e a s t  s t r a i n e d  C10 compound i s  c i s , c i s - 1 , 6 - c y c l o ­
d e c a d ie n e  and th e  most s t r a i n e d  i s  cy c lo d ec an e .
(d) f o r  C0-C, , c i s - c y c l o a l k e n e s  a r e  l e s s  s t r a i n e d  th ang J_Q ----
t h e  c o r r e s p o n d i n g  t r a n s - c y c l o a l k e n e s .
(e) f o r  Cg and CQ r i n g s ,  t h e  c i s , c i s - c y c l o a l k a d i e n e s
a r e  l e s s  s t r a i n e d  than  th e  c o r r e s p o n d in g  c i s , t r a n s - i s o m e r s  
which,  in  t u r n ,  a r e  l e s s  s t r a i n e d  th an  th e  t r a n s , t r a n s -  
i s o m e r s .
( f )  t h e  s t r a i n ,  a s s o c i a t e d  w i th  th e  i n t r o d u c t i o n  o f  a t r a n s  
double  bond, i s  s i g n i f i c a n t l y  l e s s  in  th e  ten-membered r i n g s
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t h a n  i n  t h e  e i g h t - o r - n i n e  membered r i n g ,  w i th  t h e  r e s u l t  t h a t  
no g e n e r a l i z a t i o n  can be made r e g a r d i n g  th e  s t a b i l i t y  o f  t h e  
v a r i o u s  t y p e s  o f  d i e n e s  t h a t  occur  in  t e n - ( a n d  e l e v e n - )  
membered r i n g s .  The c o n t r o l l i n g  f a c t o r  h e re  i s  th e  
p a r t i c u l a r  minimum energy co n fo rm a t io n  t h a t  each type of  
d i e n e  a d o p t s .
3 .4 .  Conform at ions  o f  th e  i n d i v i d u a l  Cyclenes
(a) Cyclohexene
The h a l f - c h a i r  co n fo rm a t io n  (I)  w i th  Cg symmetry i s
t h e  most s t a b l e  co n fo rm a t io n . The d i h e d r a l
Observed (7)
V = 2 . 7 8  k c a l .  /  mole s
GO 1234 
GO 2345  
G 03456
- 1 5 .2  - 1 5 .3
4 4 .9  4 5 .4
- 6 0 . 2  - 6 2 .3
a n g l e s ,  c a l c u l a t e d  by a m o d i f ied  Karplus  e q u a t io n ,  from 
NMR c o u p l i n g  c o n s t a n t s  J 2 3 fs ^ 3 °  anc*  ^a r e  S°°d
agreement  w i th  t h e  t h e o r e t i c a l l y  o b t a i n e d  (by WBFF) v a lu e s  
o f  44° and 74°.
(b) c i s - C y c l o h e p t e n e
The problem i s  s im p le r  th an  fo r  c y c lo h e p ta n e ,  because
t h e  i n t r o d u c t i o n  o f  t h e  double  bond i n t o  t h e  r i n g  sys tem  
a f f o r d s  a r i g i d i t y  which p r o h i b i t s  t h e  p s e u d o r o t a t i o n .  
WBFF, AFF9 and CFF10 a l l  c a l c u l a t e  t h e  C c h a i r  a s  t h e
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F ig u r e  6 ; The c a l c u l a t e d  minimum energy  c o n fo rm a tio n 1 o f
c y c lo h e p t e n e  (C sym m etry), s
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most s t a b l e  form of c y c lo h e p te n e ,  be ing  1 .5  k c a l . /  mole, 
(WBFF) and abou t  0 .5  k c a l .  /  mole (AFF and CFF) lower in  
energy  th a n  th e  C2 t w i s t  con fo rm a t ion .
CHAIR(Q  TWIST- CHAIR(C ) TWIST-BOAT B0AT(C_)
y 5 .9 8  7 . 51  8 . 37  ^ . 64
( k c a l . / m o l e )
The geometry c a l c u l a t e d  f o r  th e  C c h a i r  i s  shown ins
F ig u r e  6. D ih e d ra l  a n g l e s ,  c a l c u l a t e d  from NMR c o u p l in g
c o n s t a n t s  ^ S ' s  anc* 109° ) a g re e  w i th  th e  v a lu e s
c a l c u l a t e d  by t h e  WBFF f o r  th e  C c h a i r  (3° and 114°)s
c o n fo rm a t io n .  The obse rved  h e a t  o f  h y d ro g e n a t io n  of  
c y c lo h e p te n e  i s  25 .85  k c a l .  /  mole** and t h i s  a g r e e s  w i th  
t h e  c a l c u l a t e d  v a lu e  of  25 .15  k c a l .  /  mole. S ince  d e r i v a ­
t i v e s  o f  c y c l o a l k e n e s  a r e  o f t e n  low m e l t in g  and d i f f i c u l t  
t o  c r y s t a l l i s e ,  f o r c e  f i e l d  c a l c u l a t i o n s  p r o v id e  a u s e f u l ,  
and sometimes o n ly ,  method f o r  i n v e s t i g a t i n g  conforma­
t i o n s  of  c y c l i c  compounds. However, t h e  X-ray c r y s t a l
12s t r u c t u r e  a n a l y s i s  of  £ - c a p r o l a c ta m  has been pe rform ed
and was found t o  have a n e a r l y  symmetric  c h a i r  co n fo rm a t io n
w i th  t o r s i o n  a n g le s  s i m i l a r  t o  th o se  c a l c u l a t e d  by th e
WBFF f o r  t h e  C symmetric  c h a i r  c y c lo h e p te n e  co n fo rm a t io n ,  s
a s  shown ove r .
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II. (a) E-CAPROLACTAM-TORSION 
ANGLES OBTAINED PROM 
CRYSTAL STRUCTURE ANALYSIS.
(t>) CHAIR CYCLOHEPTENE- 
TORSION ANGLES 
CALCULATED BY WBFF.
The d i s c r e p a n c y  between th e  obse rved  and c a l c u l a t e d  v a lu e s  
o f  t h e  t o r s i o n  a n g le s  i s ,  i n  p a r t ,  due t o  t h e  f a c t  t h a t  
t h e  amide group has  a f a r  lower r o t a t i o n  b a r r i e r  than th e  
double  bond and a l s o  has  a much lower r e s i s t a n c e  t o  o u t - o f ­
p l a n e  bend ing  a t  th e  N-H group.
In c o n t r a s t  t o  th e  C F F ^  th e  WBFF c a l c u l a t e s  th e
C b oa t  t o  be an e x t rem e ly  sh a l lo w  minimum c l o s e l y  f l a n k e d  s
by a p a i r  o f  maxima about  0 .04  k c a l .  /  mole above th e  
minimum ( i . e .  a s a d d le  p o i n t )  (see  F ig u re  7 ) .
BOAT
TWIST-BOAT
CO
F i g u r e  7
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t r a n s - c y c l o h e p t e n e  has been g e n e r a t e d  and t r a p p e d ,  but  
no t  y e t  o b se rv ed  s p e c t r o p h o t o m e t r i c a l l y . 14
(c) C yc lo o c te n e
The c i s  and t r a n s  i som ers  of  c y c lo o c te n e  a r e  bo th  known 
and a r e  o f  c o n fo r m a t io n a l  i n t e r e s t .  There i s  good e x p e r i ­
m en ta l  e v id e n c e  a s  t o  t h e  ty pe  o f  c o n fo rm a t ion  o f  c i s -  
14c y c l o o c t e n e  though i t s  d e t a i l e d  s t r u c t u r e  has n o t  y e t  been 
d e te rm in e d  ( i l l ) .
inn
V = 7 . 8 8  k c a l .  /  mole s  '
The t o r s i o n a l  a n g le s  around  th e  bonds o f  t h e  r i n g  
c o n f i rm  t h a t  t h e  fo u r  atoms of  t h i s  c i s -d o u b le  bond a r e  
e s s e n t i a l l y  p l a n a r .  The r em a in in g  atoms o f  t h e  r i n g  th en  
a r r a n g e  th e m se lv e s  t o  m inimise  t r a n s a n n u l a r  s t e r i c  i n t e r ­
a c t i o n s  and e c l i p s i n g  of  th e  s u b s t i t u e n t s  abou t  each bond 
o f  th e  r i n g .  The d i h e d r a l  a n g le s  f o r  c i s - c y c l o o c t e n e  from 
NMR c o u p l i n g  c o n s t a n t s  J 2 3 ’s anc* 1^5° ) a g re e  w i th  th e
v a lu e s  o b t a i n e d  by MM c a l c u l a t i o n s  u s in g  WBFF (23° and 140°) .  
Good agreem ent  i s  a l s o  o b t a i n e d  between t h e  ob se rv ed  t o r s i o n
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a n g le s  (from X-ray) f o r  en an th o la c ta m  h y d r o c h l o r i d e 15 and 
t h e  c a l c u l a t e d  t o r s i o n  a n g le s  f o r  c i s - c y c l o o c t e n e ,  ( IV ) .
-51
HO, -54
100
-68
.-85
“ 47
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(IV) (a) T o rs io n  a n g le s  from (b) T o rs io n  a n g le s  c a l -
X-ray s tu d y  of  Enantho lac tam  c u l a t e d  f o r  c i s - c y c l o o c t e n e  
H y d r o c h lo r id e  by WBFF
The s m a l l e s t  s t a b l e  t r a n s - c y c l o a l k e n e  t o  be i s o l a t e d  i s  1 — —
t r a n s - c y c l o o c t e n e ,  which u n l i k e  t h e  c i s  isom er ,  has  an 
e x c e p t i o n a l l y  h ig h  h e a t  o f  h y d r o g e n e r a t io n .  Model c o n s i d e r a ­
t i o n s  show t h a t  t h e  double  bond and two a t t a c h e d  m ethy lenes  
in  t h e  t r a n s  isomer forms a t r a n s - b u te n e  sys tem  and w i th  
on ly  fo u r  r e m a in in g  ca rb o ns  t o  b r id g e  t h e  ends o f  t h e  
b u te n e  sys tem ,  h ig h  d i s t o r t i o n  of t h e  m olecu le  i s  r e q u i r e d .
I t  has  been shown t h a t  t h e  m olecu le  p o s s e s s e s  a d i p o l e  
moment which i s  e x t r a o r d i n a r i l y  l a r g e . f o r  an o l e f i n  
(0.82D compared w i th  0 . 15D f o r  t r a n s - c y c l o d e c e n e )  and t h i s  
l a r g e  moment has  been i n t e r p r e t e d  in  te rms o f  a un ique  
h y b r i d i s a t i o n  a t  t h e  o l e f i n i c  ca rbons  which p u t s  c o n s i d e r a b l e  
s  c h a r a c t e r  i n t o  t h e  TT-bond. The t i g h t  b e l t  o f  s a t u r a t e d  
c a rb o n s  j o i n i n g  th e  ends o f  th e  o l e f i n  l e a d s  t o  m o lecu la r  
asymmetry which canno t  be d e s t r o y e d  by r o t a t i o n  o f  th e  b e l t
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around  t h e  o l e f i n  and t r a n s - c y c l o o c t e n e  has been o p t i c a l l y  
r e s o l v e d .  The h ig h  b a r r i e r  t o  r a c e m i z a t io n  r e s u l t s  from 
s t e r i c  d e s t a b i l i z a t i o n  of  th e  t r a n s i t i o n  s t a t e  caused  by 
hydrogens  f o r c e d  i n t o  th e  i n t e r i o r  o f  th e  r i n g  en r o u t e  to  
a 180° r o t a t i o n  a round th e  double  bond. I n c r e a s e d  r i n g  
s i z e  a l l o w s  more f a c i l e  p a ssa g e  of  t h e  v i n y l i c  hydrogens 
th ro u gh  th e  c e n t r e  o f  a r i n g ,  t h u s ,  a t  room t e m p e r a t u r e ,  t r a n s  
cyc lononene  ra c e m iz e s  a s  i t  i s  formed.
In r e c e n t  y e a r s ,  t h e r e  has been some c o n t r o v e r s y  as  t o  
w he ther  th e  c r o s s  (V) ( a l s o  c a l l e d  th e  crown) or  c h a i r  (VI) 
c o n fo rm a t io n  i s  t h e  minimum energy c o n fo r m a t io n ,b o th  on th e  
e x p e r i m e n t a l  and t h e o r e t i c a l  f r o n t s .
Vg= l 8 . 6 0  k c a l . / m o l e
V
VI
16On t h e  e x p e r i m e n t a l  s i d e ,  t h e  r e s u l t s  o f  X-ray s t u d i e s  
o f  a d d u c t s  o f  t r a n s - c y c l o o c t e n e  w i th  complexing a g e n t s ,  
such as  s i l v e r  n i t r a t e ,  a r e  t o  be t r e a t e d  w i th  c a u t i o n  as  
t h e  p r e s e n c e  o f  heavy m e ta l  atoms i n t r o d u c e  u n d e s i r e d  
p e r t u r b a t i o n s  o f  t h e  double  bond sys tem  a n d /o r  s e v e r e l y  l i m i t
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t h e  a t t a i n a b l e  a ccu racy  o f  t h e  s t u d i e s .  While t h e  X-ray
s t u d i e s  i n d i c a t e  t h a t  t h e  c r o s s  co n fo rm a t io n  i s  t h e  minimum
energy  confo rm er ,  gas phase  e l e c t r o n  d i f f r a c t i o n  s t u d i e s  by 
17Gavin and Wang i n d i c a t e  a d i s t o r t e d  c h a i r  (V I ) . How­
e v e r  , r e c e n t  X-ray r e s u l t s  on t r a n s  - 2 - c y c l o o c t e n y l  3 ^ ,5 ^ -  
18d i n i t r o b e n z o a t e  a s  w e l l  a s  more r e c e n t  e l e c t r o n  d i f f r a c t i o n
19d a ta  on th e  p a r e n t  compound by T r a e t t e b e r g  fav o u r  t h e  c r o s s  
c o n fo rm a t io n  (V).
MM c a l c u l a t i o n s  w i th  WBFF, AFF and CFF a l l  c a l c u l a t e  
t h e  c r o s s  c o n fo rm a t io n  to  be lower in  energy by 1 .6 7 ,  2 .43  
and 3 .14  k c a l .  /  mole r e s p e c t i v e l y .
I t  would now seem t h a t  t h e  c r o s s  c o n fo rm a t ion  i s ,  
w i th o u t  d o u b t ,  t h e  minimum energy conformer and t h a t  th e  
X. t r a n s - c y c l o o c t e n e  sample s t u d i e d  by Gavin and Wang had been 
p r e p a r e d  under  n o n - e q u i l i b r i u m  c o n d i t i o n s  and had c o n s i s t e d  
p r i m a r i l y  o f  t h e  c h a i r  c o n fo rm a t io n ,  which i s  p r e v e n te d  from 
r a p i d l y  c o n v e r t i n g  t o  th e  c r o s s  co n fo rm a t io n  by a h igh  
i n t e r c o n v e r s i o n  b a r r i e r .
The t o r s i o n  a n g l e s ,  o b t a i n e d  from an X-ray c r y s t a l  
20s t r u c t u r e  a n a l y s i s  of a non-complexed i o d in e  c o n t a i n i n g  
d e r i v a t i v e  of  t r a n s - c y c l o o c t e n e  (V I I (a ) )  i s  compared w i th  
t h e  t o r s i o n  a n g le s  of  t h e  c r o s s  (V II (b ) )  and c h a i r  con­
f o r m a t io n s  ( V I I ( c ) ) ,  c a l c u l a t e d  w i th  WBFF. VII (d )  and (e) 
show t o r s i o n  a n g le s  o b t a in e d  from th e  e l e c t r o n  d i f f r a c t i o n  
s t u d i e s .
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V I I . ( a )  t r a n s - C y c lo o c t e n e  
a s  o b s e r v e d  i n  
I o d i n e  d e r i v a t i v e  
(CQ a v e r a g e d )
(b) t r a n s - C y c lo o c te n e  
C r o s s - C a l c u l a t e d  
T o r s i o n  A ngles  
(C2 }
(c) t r a n s - C y c l o o c t e n <  
C h a i r - C a l c u l a t e d  
t o r s i o n  
a n g l e  (C2 >
Thus,  t h e  c r o s s  c o n f o r m a t i o n  i s  i n  good a g re e m e n t  w i t h  t h e  
c r y s t a l  s t r u c t u r e  a n a l y s i s .
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VII. (d) T o r s i o n  a n g l e s  from 
T r a e t t e b e r g  e l e c t r o n  
d i f f r a c t i o n
(e) T o r s i o n  a n g l e  f rom
Gavin  and  Wang e l e c t r o n
d i f f r a c t i o n  (C ) 17 s
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(d) C yc lo n o n e n es
No d e t a i l e d  c o n f o r m a t i o n a l  p r o p e r t i e s  o f  c y c l o n o n e n e s  
a r e  known. The c i s  i som er  i s  c a l c u l a t e d  t o  be lo w er  i n  
e n e rg y  t h a n  t h e  t r a n s ,  i n  a g re em e n t  w i t h  t h e  o b s e r v e d  h e a t  
o f  h y d r o g e n a t i o n  v a l u e s .  C o n f o r m a t io n a l  m odels  f o r  c i s  
and t r a n s  i s o m e r s  were  d e r i v e d  from two r e c e n t  c r y s t a l  
s t r u c t u r e  a n a l y s e s  o f  c a p r y l o l a c t a m  and i t s  h y d r o c h l o r i d e .  
The c i s  i so m er  i s  a sy m m e tr ic  w h i l e  t h e  t r a n s  i so m er  h a s  
symmetry ( V I I I ( a )  and  (b) r e s p e c t i v e l y ) .
V I I I ( a )  V = 1 0 .4 7  k c a l . /  mole  (b) V = 15 .08  k c a l .  / m o l e  s  s
The c a l c u l a t e d  t o r s i o n  a n g l e s  f o r  c i s  and  t r a n s  c y c lo n o n e n e  
a r e  compared w i t h  t h e  e x p e r i m e n t a l  ones  f o r  c a p r y l o l a c t a m  
and i t s  h y d r o c h l o r i d e  i n ( I X ( a )  -  (d)) .
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IX(a) O b se rv e d  t o r s i o n  a n g l e s  
. o f  c a p r y l o l a c t a m  
h y d r o c h l o r i d e
-8 9
-110
149
-9 1
-110
(c) O bse rv e d  t o r s i o n  
a n g l e s  o f  c a p r y l o l a c t a m
-8 9
105
r52
'-65
-103
(b) C a l c u l a t e d  t o r s i o n  
a n g l e s  o f  c i s - c y c l o n o n e n e .
-9 0
-107
159
(d) C a l c u l a t e d  t o r s i o n  
a n g l e s  o f  t r a n s -  
c y c lo n o n e n e
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(e) C yc lo d e ce n e
The c i s  i so m er  i s  c a l c u l a t e d  t o  be low er  i n  e n e rg y  t h a n
t h e  t r a n s  i so m e r .  C o n fo rm a t io n  models  f o r  c i s  and  t r a n s
i s o m e r s  were  d e r i v e d  from X -ray  c r y s t a l  s t r u c t u r e  a n a l y s e s
21o f  s i l v e r  n i t r a t e  a d d u c t s  and  t h e  c a l c u l a t e d  t o r s i o n  a n g l e s  
f o r  c i s  and t r a n s  c y c l o d e c e n e  compare f a v o u r a b l y  w i t h  t h e  
X-ray  r e s u l t s  X(a) -  (e) .
-107119
-4 5
-7 7
-150
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Vg=8.96 kcal ../mole
116 -1 0 9
-5 5
- 6 8
-147
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X(a) O b se rv e d  t o r s i o n  a n g l e s  (b) C a l c u l a t e d  t o r s i o n
o f  AgNOg complex  o f  c i s -  a n g l e s  f o r  c i s - c y c l o d e c e n e
c y c l o d e c e n e
(c) The c o n f o r m a t i o n  o f  t r a n s  
i som er  (C2 symmetry) -  T w is t
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V = 1 1 . 3 7  k c a l . / m o l e  s
(d) O b se rv e d  t o r s i o n  a n g l e s  (e)  C a l c u l a t e d  t o r s i o n  
i n  AgNOg a d d u c t  o f  t r a n s -  a n g l e s  i n  t r a n s - c y c l o d e c e n e
c y c l o d e c e n e
The r e a s o n  f o r  t h e  l a r g e  d i s c r e p a n c i e s  i n  (d) and  (e) may, 
i n  p a r t ,  be due t o  p e r t u r b a t i o n s  o f  t h e  d o u b le  bond sy s te m  
by t h e  s i l v e r  a tom and t h e  l i m i t e d  a c c u r a c y  o f  t h e  e x p e r i m e n t a l  
r e s u l t s .
( f )  C y c l o o c t a - 1 , 5 - d i e n e  (1,5-COD)
The minimum e n e rg y  c o n f o r m a t i o n  o f  c i s , c i s - c y c l o o c t a -
1 , 5 - d i e n e ,  t h e  Cg sy m m etr ic  t w i s t - b o a t  c o n f o r m a t i o n  was 
d i s c u s s e d  f u l l y  i n  C h a p te r  2. The v a r i o u s  t w i s t - b o a t  
i n t e r c o n v e r s i o n  p a th w ay s  w i l l  be d i s c u s s e d  i n  t h i s  s e c t i o n .
The dynam ics  o f  c i s , c i s -1,5-COD s y s te m  was f i r s t
22s t u d i e d  e x p e r i m e n t a l l y  u s i n g  l o w - t e m p e r a t u r e  NMR m etho d s .
These m ea su re m e n ts  show two d i s t i n c t  NMR p r o c e s s e s ,  w here  
t h e  two b a r r i e r s  a r e  c a l c u l a t e d  t o  be 4 . 4  and  4 . 9  k c a l .  / m o l e .  
MM c a l c u l a t i o n s 2 3 ’ 2^ ’ 2 5 »26 have  u s e d  i n  a n  a t t e m p t  t o  
a s s i g n  t h e s e  b a r r i e r  h e i g h t s  u n am b ig u o u s ly  t o  t h e  a p p r o p r i a t e
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23 25c o n f o r m a t i o n a l  i n t e r c o n v e r s i o n .  Anet and  Ermer c a l ­
c u l a t e  t h a t  t h e  r o u t e  t h r o u g h  t h e  Dg skew c o n f o r m a t i o n  i s  
t h e  l o w e s t  e n e rg y  p r o c e s s  f o l l o w e d  by t h o s e  t h r o u g h  t h e
b o a t  and  C^  c h a i r  w i t h  a p p r o x i m a t e l y  e q u a l  b a r r i e r  
24h e i g h t s .  A l l i n g e r  on t h e  o t h e r  hand ,  c a l c u l a t e s  t h a t  t h e  
r o u t e  t h r o u g h  t h e  b o a t  i s  t h e  minimum e n e rg y  pa thway
f o l lo w e d  by t h a t  t h r o u g h  t h e  c h a i r  and  f i n a l l y  t h e  r o u t e  
t h r o u g h  t h e  skew a s  t h e  maximum e n e rg y  i n t e r c o n v e r s i o n  
r o u t e .
B ecause  o f  t h e  marked d i f f e r e n c e  be tw een  t h e s e  r e s u l t s ,  
we d e c i d e d  t o  i n v e s t i g a t e  t h i s  s y s te m  r a t h e r  c l o s e l y .  I t  
seemed u n l i k e l y  t h a t  su c h  a d icho tom y a r o s e  from d i f f e r e n c e s  
be tween t h e  v a r i o u s  f o r c e  f i e l d s ,  b e c a u s e  o f  t h e  u s u a l l y  
s i m i l a r  r e s u l t s  o b t a i n e d  f o r  o t h e r  c a l c u l a t i o n s .  I n s t e a d  
t h e  d i f f e r e n c e s  i n  t h e  methods  i n  g e n e r a t i n g  t h e  t r a n s i t i o n  
s t a t e s  were  t h o u g h t  t o  h o l d  t h e  key t o  t h e  p ro b lem .
In t h e  f i r s t  i n s t a n c e , w e  u se d  t h e  method o f  Wiberg and 
27Boyd i n  o r d e r  t o  map t h e  e n e rg y  c h a n g e s  f rom t h e  t w i s t
b o a t  t o  t h e  b o a t  and  skew c o n f o r m a t i o n s  and  g e n e r a t e d  t h e
t r a n s i t i o n  s t a t e  be tw een  t w i s t  b o a t  and  c h a i r  c o n f o r m a t i o n s
w i th  a m o le c u le  b u i l d i n g  p rogram .  In  a l l  t h r e e  c a s e s ,  we
used  a l a r g e r  number o f  c o n s t r a i n t s  on t h e  s y s te m  t h a n  was
a c t u a l l y  n e c e s s a r y .  For ex am p le ,  i n  mapping  from t h e  t w i s t
b oa t  t o  t h e  skew a l l  n i n e  t o r s i o n  a n g l e s  a r o u n d  e ach  o f  t h e
C 3 -  C 3 bonds w ere  d r i v e n  i n s t e a d  o f  o n ly  C 2 -  C 3 -  sp sp  sp  sp
C 3 -  C 2 t o r s i o n  a n g l e s .  In  t h i s  c a s e ,  we o b t a i n e d  t h e  sp sp
same o r d e r  o f  p r e f e r e n c e  f o r  t h e  v a r i o u s  i n t e r c o n v e r s i o n  
pathways a s  A l l i n g e r  and s i m i l a r  v a l u e s  f o r  t h e  b a r r i e r  h e i g h t s .
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In  t h e  n e x t  s e r i e s  o f  c a l c u l a t i o n s ,  we u se d  t h e  W iberg-  
Boyd a l g o r i t h m ,  b u t  w i t h  t h e  minimum number o f  c o n s t r a i n t s ,  
and o b t a i n e d  t h e  same o r d e r  o f  p r e f e r e n c e  a s  Anet and  Ermer. 
I t  t h e r e f o r e  seemed a s  th o u g h  A l l i n g e r  had  imposed t o o  many 
c o n s t r a i n t s .  In o r d e r  t o  c h eck  t h i s  c o n c l u s i o n  we r e p e a t e d  
t h e s e  c a l c u l a t i o n s  u s i n g  AFF whereupon t h e  r o u t e  t h r o u g h
j|c
t h e  skew emerged a s  t h e  minimum e n e rg y  pa thw ay .
F i n a l l y ,  we r e p e a t e d  t h e  c a l c u l a t i o n s  y e t  a g a i n  u s i n g
t h e  Newton-Raphson m a x i m is a t i o n  p r o c e d u r e  t o  d e f i n e  t h e
t h r e e  t r a n s i t i o n  s t a t e s .  The r e s u l t s  were  v e r y  s i m i l a r  t o
t h o s e  o b t a i n e d  u s i n g  t h e  Wiberg-Boyd a l g o r i t h m  w i t h  m in im al
c o n s t r a i n t s  e x c e p t  t h a t  t h e  e n e r g i e s  o f  t h e  t r a n s i t i o n
s t a t e s  were  some 0 . 0 2  k c a l . /  mole lo w e r ,  p r o b a b l y  a s  a
c onsequence  o f  c o m p le te  m o l e c u l a r  r e l a x a t i o n  ( i . e .  no
a r t i f i c i a l  c o n s t r a i n t s ) . T h is  l e n d s  a d d i t i o n a l  s u p p o r t  t o
th e  c o n c l u s i o n  t h a t  a s e c o n d - d e r i v a t i v e  m i n i m i s a t i o n /
m a x im is a t i o n  p r o c e d u r e ,  su c h  a s  t h e  Newton-Raphson,  i s  t h e
28only  s a f e  o p t i m i s a t i o n  a l g o r i t h m  f o r  MM c a l c u l a t i o n .
The symmetry and th e  s t e r i c  energy c a l c u l a t e d
by t h e  WBFF f o r  e a c h  o f  t h e  f i v e  c o n f o r m a t i o n s  c o n s i d e r e d  
in  t h i s  s t u d y  a r e  shown i n  F i g u r e  8 w h i l e  t h e  c a l c u l a t e d  
(WBFF) b a r r i e r  h e i g h t s  a r e  compared w i t h  E rm e rTs and A n e t ' s
^ 2* 
A l l i n g e r ' s  c a l c u l a t i o n s  were  p e r f o r m e d  w i t h  AFF-73
9w h i l s t  we u s e d  AFF-72 . A l tho u gh  f u l l  d e t a i l s  o f  
AFF-73 a r e  n o t  a v a i l a b l e  i t  a p p e a r s  t o  be a  s l i g h t l y  
im proved  v e r s i o n  o f  AFF-72. These  do n o t  a f f e c t  
t h e  a rg u m e n t s  ab ov e .
Boat C~—<cV
Vg = 14*60 kca l . /m a le
Skew
V = I 2.32 kcal . /mole  s
Twist-boat  C- 2
V = 10.05 kcal . /mole  s
T ran s i t io n  s t a t e  C 
V = 14.69 kca l .  /mole V
Chair -2h
s = 10.82 kca l . /mole
Figure 82 Major conformations of c i s j c i s - c y c l o o c t a - l , 5 -d iene .
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i n  T a b le  3 a l o n g  w i t h  t h e  e x p e r i m e n t a l  v a l u e s .
29 3n 31c i s ,  t r a n s i , 5 - C O D  ’ and  t r a n s , t r a n s - 1 , 5-COD
have been  i s o l a t e d  b u t  no e x p e r i m e n t a l  d a t a  r e g a r d i n g
c o n f o r m a t i o n a l  i n f o r m a t i o n  i s  a v a i l a b l e .  c i s , t r a n s - 1 , 5-COD
32i s  o p t i c a l l y  a c t i v e  which  i m p l i e s  t h a t  i t  i s  a  h i g h l y  
s t r a i n e d  and  r i g i d  m o le c u l e .  From an i n s p e c t i o n  o f  
m o le c u l a r  m o d e ls ,  t h e  minimum e n e rg y  c o n f o r m a t i o n  i s  v e ry  
s i m i l a r  t o  t h a t  o f  c i s - c y c l o o c t e n e  ( I I I ) . The t o r s i o n  
a n g l e s  and s t e r i c  e n e rg y  c a l c u l a t e d  by t h e  WBFF a r e  shown 
below ( XI)
1
,-70
-86-6 3
>a
V = 2 4 .6 7  k c a l /  mole s
141
The NMR d a t a  on t r a n s , t r a n s - 1 ,5 - C O D  do n o t  a l l o w  a s s ig n m e n t
31o f  s t r u c t u r e  X I I ( a )  o r  X I I ( b )  t o  i t .  MM c a l c u l a t i o n s
u s in g  t h e  WBFF, h ave  been  a p p l i e d  t o  t h i s  p ro b le m  and i t
i s  found  t h a t  t h e  (a)  i s  more s t a b l e  t h a n  (b) by 5 .1 4  k c a l .  /
mole, s i n c e  (b) p o s s e s s e s  u n f a v o u r a b l e  e c l i p s e d  t o r s i o n
a n g le s  a ro u n d  t h e  two C 3-C 3 bonds w h i l e  i n  ( a ) , t h esp  sp
c o r r e s p o n d i n g  t o r s i o n  a n g l e s  a r e  s t a g g e r e d .
-  1 1 9  -
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80
-1 3 8
-8 0
138
-8 0
-139 -139 -41-41
a
V -  3 5 .8 6  k c a l . /  mole V = 4 1 . 0 0  k c a l . /  mole
o  S
(g) C y c l o n o n a - 1 , 5 - d i e n e s  (1,5-CND)
The s t r u c t u r e  o f  two c i s , c i s , two c i s , t r a n s  and  t h r e e  
t r a n s , t r a n s  c o n fo rm e r  o f  1,5-CND have  been  c a l c u l a t e d  and 
t h e  r e s u l t s  a r e  shown i n  F i g u r e  9. The minimum e n e rg y
c o n f o r m a t i o n  i s  t h e  c i s , c i s - i s o m e r  o f  F i g u r e  9 ( a ) ,  and
3 3 34e q u i l i b r a t i o n  t o g e t h e r  w i t h  NMR e x p e r i m e n t s  a r e  i n  com­
p l e t e  a g re e m e n t  w i t h  t h i s  c o n c l u s i o n  a s  t o  t h e  f a v o u r e d
isom er  b u t  g i v e  no i n d i c a t i o n  a s  t o  i t s  c o n f o r m a t i o n .
35However, F a v i n i  a l s o  c a l c u l a t e s  t h e  c i s , c i s - i s o m e r  o f
F i g u r e  9 ( a )  t o  be t h e  g l o b a l  minimum and  h i s  c a l c u l a t e d
geometry  i s  v e ry  s i m i l a r  t o  o u r s .  I t  may a l s o  be p e r t i n e n t
t h a t  t h i s  c o n f o r m a t i o n  b e a r s  a s t r o n g  r e s e m b l a n c e  t o  t h e  known
g l o b a l  minimum e n e rg y  o f  c y c l o d e c a - 1 , 6 - d i e n e  ( F i g u r e  1 5 ( a ) ) .
There i s  v e r y  l i t t l e  e x p e r i m e n t a l  s t r u c t u r a l  d a t a  a v a i l a b l e
f o r  t h e  1,5-CND’ s  b u t  a r e c e n t  X -ray  c r y s t a l  s t r u c t u r e
36a n a l y s i s  o f  b y s s o c h l a m i c  a c i d  h a s  shown t h a t  t h e  c i s , c i s -
1,5-CND r i n g  h a s  a c o n f o r m a t i o n  v e ry  s i m i l a r  t o  t h a t  o f  
F ig u re  9 (b )  and  t h e  two c o n f o r m a t i o n s  a r e  compared  i n  F i g u r e  
10.
- 121 -
F i g u r e  9 : C y c l o n o n a - 1 , 5 - d i e n e  c o n f o r m a t i o n s ;  p e r i p h e r a l  v a l u e s
a r e  t o r s i o n  a n g l e s  and t h e  i n n e r  v a l u e  i s  t h e  s t e r i c  
e n e r g y  i n  k c a l . / m o l e  above  t h e  minimum. Symmetry  
i s  e x c e p t  a s  n o t e d  ( a ) C 2 » ( c ) C g , ( e ) C g .
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F i g u r e  1 0 : The c a l c u l a t e d  ( a )  and o b s e r v e d  (b)  s t r u c t u r e s  o f
t h e  c i s , c i s - c y c l o n o n a - 1 , 5 - d i e n e  r i n g  a s  found  
i n  b y s s o c h la r a i c  a c i d .  Bond l e n g t h s  and a n g l e s  
i n n e r  and t o r s i o n  a n g l e s  p e r i p h e r a l  v a l u e s .
0
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The minimum e n e rg y  c i s , c i s  c o n f o r m a t i o n  i s  c a l c u l a t e d  
t o  be 5 . 6  k c a l . /  mole more s t a b l e  t h a n  t h e  l o w e s t  e n e rg y  
c i s , t r a n s  c o n f o r m a t i o n  compared w i t h  a v a l u e  o f  4 . 3  k c a l . /  mole 
d e r i v e d  from r e c e n t  m easu rem en ts  o f  h e a t s  o f  h y d r o g e n a t i o n .
Some c a l c u l a t e d  and o b s e r v e d  h e a t s  o f  h y d r o g e n a t i o n  a r e  
shown i n  T a b le  3 i n  C h a p te r  2.
(h) C y c lo d e c a d i e n e s
The c o n f o r m a t i o n s  o f  c y c l o d e c a - 1 ,  5- and  - 1 , 6 - d i e n e s
have n o t  been  p r e v i o u s l y  s t u d i e d  i n  any g r e a t  d e t a i l  a l t h o u g h
t h e  r e s u l t s  o f  q u a l i t a t i v e  m o l e c u l a r  m ec h an ic s  c a l c u l a t i o n s
37have been  p u b l i s h e d ,  and c i s , c i s - c y d o d e c a - 1 , 6 - d i e n e s  have
38 10been s t u d i e d  by A l l i n g e r  and  Ermer.
( i )  C y c l o d e c a - 1 , 5 - d i e n e  (1,5-CDD)
The i n t e r e s t  i n  t h i s  s y s te m  s t e m s  from t h e  f a c t  t h a t
t h e  1,5-CDD r i n g  i s  f a i r l y  w i d e s p r e a d  amongst  n a t u r a l l y
39o c c u r r i n g  g e r m a c r a n o l i d e s , w i t h  one c i s , t r a n s  and  two
t r a n s , t r a n s  c o n f o r m a t i o n s  o b s e r v e d  v i a  X - ray  c r y s t a l  s t r u c t u r e
a n a l y s e s .  The geom etry  and r e l a t i v e  e n t h a l p i e s  o f  one
c i s , t r a n s - , two c i s , c i s -  and  f i v e  t r a n s , t r a n s - c o n f o r m e r s  o f
1,5-CDD have  been  c a l c u l a t e d  u s i n g  t h e  WBFF. The r e s u l t s
a r e  shown i n  F i g u r e  11. The minimum e n e rg y  c o n f o r m a t i o n
i s  t h e  c i s , t r a n s - i s o m e r  shown i n  F i g u r e  11(h)  and  i t s
geometry  i s  compared  w i t h  t h a t  o b t a i n e d  from an  X - ray  c r y s t a l
40s t r u c t u r e  a n a l y s i s  o f  ©upaformonin i n  F i g u r e  12. T here  
a p p e a r s  t o  be no e x p e r i m e n t a l  e v id e n c e  r e g a r d i n g  t h e  
minimum e n e r g y  c o n f o r m a t i o n  o f  1,5-CDD b u t  t h e  a g re em e n t  o f  
t h e  c a l c u l a t e d  g e o m e t r i c a l  p a r a m e t e r s  f o r  t h e  c i s , t r a n s - i s o m e r
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F i g u r e  1 1 ; C y c lo d .e c a -1 , 5 “d i e n e c o n f o r m a t i o n s ;  s ym m e tr ie s  a r e  
( a ) C 2 , ( e ) C 2 .
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F ig u r e  1 2 : The c a l c u l a t e d  minimum e n e rg y  c o n f o r m a t i o n  o f
c y c l o d e c a - 1 , 5 -d . iene  (a)  compared w i t h  t h e  ge o m e t ry  
o f  t h e  1 0 - r i n g  o f  eu p a fo rm o n in  ( h ) •
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w i t h  t h e  X -ray  r e s u l t s  i s  e x c e l l e n t ,  d e s p i t e  f a i r l y  heavy
s u b s t i t u t i o n  o f  t h e  1,5-CDD r i n g  i n  t h e  l a t t e r  i n s t a n c e .
T here  a r e  t h r e e  o t h e r  c o n f o r m a t i o n s  w i t h i n  2 k c a l .  / m o l e
o f  t h e  c a l c u l a t e d  g l o b a l  minimum; t h e  two a p p r o x i m a t e l y
i s o n e r g e t i c  c i s , c i s  i s o m e r s  and  t h e  t r a n s , t r a n s - i s o m e r  shown
i n  F i g u r e  1 1 ( a ) .  A c o n f o r m a t i o n  v e ry  s i m i l a r  t o  t h a t  o f
t h e  l o w e s t  e n e rg y  t r a n s , t r a n s - i s o m e r  h a s  been  o b s e r v e d  i n
41a s e r i e s  o f  g e r m a c r a n o l i d e s  o f  which  c o s t u n o l i d e  i s  a
good r e p r e s e n t a t i v e .  The co n fo rm e r  i n  F i g u r e  1 1 (a )  h a s
Cg symmetry w h i l s t  t h e  m a c r o c y c le  i n  c o s t u n o l i d e  h a s  o n ly
a p p r o x i m a t e  C2 symmetry b e c a u s e  o f  i t s  v a r i o u s  s u b s t i t u e n t s .
N e v e r t h e l e s s ,  t h e r e  i s  good a g re em e n t  be tw een  t h e  c a l c u l a t e d
geometry  and  t h e  C g - a v e r a g e d  r e s u l t  from t h e  X - ray  c r y s t a l
41s t r u c t u r e  a n a l y s i s ,  which  a r e  shown i n  F i g u r e  13. T here
a r e  a l s o  some e x p e r i m e n t a l  d a t a  r e g a r d i n g  t h e  c o n f o r m a t i o n
o f  F i g u r e  1 1 (e )  and  t h e  c a l c u l a t e d  r i n g  t o r s i o n  a n g l e s  a r e
compared w i t h  t h o s e  from an X -ray  c r y s t a l  s t r u c t u r e  a n a l y s i s  
42of  S h i r o m o d io l  i n  F i g u r e  14. A d e t a i l e d  c o m p a r i s o n  c a n ­
no t  be made b e c a u s e  one o f  t h e  d o u b le  bonds i s  r e p l a c e d  by 
a t r a n s - f u s e d  e p o x id e  i n  t h e  n a t u r a l  p r o d u c t ;  b u t  t h e  two 
c o n f o r m a t i o n s  a r e  q u a l i t a t i v e l y  s i m i l a r .
( i i )  C y c l o d e c a - 1 , 6 - d i e n e  (1,6-CDD)
The 1,6-CDD s y s te m  i s  b e t t e r  d e f i n e d  e x p e r i m e n t a l l y  
t h a n  t h e  1 , 5 - i s o m e r  and  a number o f  u s e f u l  s t r u c t u r a l  and 
thermodynamic  m easu rem en ts  a r e  a v a i l a b l e .  Nine c o n fo rm a ­
t i o n s  o f  1,6-CDD w ere  s t u d i e d  by a d e ve lop m en t  v e r s i o n  o f
43t h e  WBFF and  t h e  r e s u l t s  were  p u b l i s h e d .  The g e o m e t r i e s
and r e l a t i v e  e n t h a l p i e s  o f  e leven ,  c o n f o r m a t i o n s  o f  1,6-CDD
-  1 3 1  -
F i g u r e  1 3 : The g e o m e t ry  o f  t h e  c a l c u l a t e d  ( a )  minimum e n e rg y
c o n f o r m a t i o n  o f  t r a n s t t r a n s - c y c l o d e c a - 1 , 5 ~ d i e n e  
compared  w i t h  t h e  a v e r a g e d  g e o m e t ry  o f  t h e  m a c ro ­
c y c l e  i n  c o s t u n o l i d e  ( b ) .
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F i g u r e  14 :  C a l c u l a t e d  ( a )  and o b s e r v e d  (b)  g e o m e t r i e s  o f  t h e
s h i r o m o d i o l - t y p e  c y c l o d e c a d i e n e  r i n g *
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have  been  c a l c u l a t e d  w i t h  t h e  p r e s e n t  WBFF f o r c e  f i e l d  and 
r e s u l t s  a r e  shown i n  F i g u r e  15. The g l o b a l  minimum i s  
c a l c u l a t e d  t o  be t h e  sym m etr ic  c i s , c i s - c h a i r  co n fo rm a ­
t i o n ,  i n  e x c e l l e n t  a g re e m e n t  w i t h  t h e r m o c h e m ic a l  m e a s u re -  
11 44m en ts ,  ' and  t h i s  h a s  a m o l e c u l a r  geom etry  a lm o s t
e x a c t l y  i d e n t i c a l  t o  t h a t  o b s e r v e d  by gas  p h a s e  e l e c t r o n  
45d i f f r a c t i o n  ( s e e  T a b le  4 i n  C h a p te r  2 ) .  The Cgy c i s ,
c i s - b o a t  form (shown i n  F i g u r e  1 5 (b ) )  i s ,  a t  b e s t ,  b a r e l y
o 45p r e s e n t  i n  t h e  gas  p h a s e  a t  35 C an o b s e r v a t i o n  which  
a c c o r d s  w e l l  w i t h  ou r  c a l c u l a t e d  e n t h a l p y  d i f f e r e n c e  o f  
1 .2  k c a l . /  mole be tw een  t h e  two c o n fo r m e rs  which  c o r r e s ­
ponds t o  88% c h a i r : 1 2 %  b o a t  ( c . f .  0 . 1 6  k c a l . /  mole  w i t h
10 9CFF and  0 . 3 0  k c a l . /  mole w i t h  AFF .
44E q u i l i b r a t i o n  e x p e r i m e n t s  i n d i c a t e  t h a t  a l t h o u g h  
t h e  c i s , c i s - i s o m e r  i s  c e r t a i n l y  t h e  p r e d o m in a n t  c o n fo rm a ­
t i o n  t h e r e  were  d e t e c t a b l e  amounts  o f  a c i s , t r a n s - i s o m e r  i n  
t h e  e q u i l i b r i u m  m i x t u r e  a t  25°C and  t h i s  would  seem t o  
c o r r e s p o n d  w i t h  t h e  c o n f o r m a t i o n  o f  F i g u r e  15 ( i )  which  h a s  
a c a l c u l a t e d  e n t h a l p y  3 .1 2  k c a l .  mole  above  t h a t  o f  t h e  
c i s , c i s - c h a i r . No t r a n s , t r a n s - i s o m e r  was o b s e r v e d  and 
t h e r e f o r e  t h e  c a l c u l a t e d  minimum e n e r g i e s  f o r  t h e  c i s , c i s -  
c h a i r  and  c i s , t r a n s - c h a i r  a r e  p r o b a b l y  1 -2  k c a l . /  mole  t o o  
h ig h  w i t h  r e s p e c t  t o  t h e  t r a n s , t r a n s - i s o m e r  o f  F i g u r e  1 5 ( d ) .
T h e re  i s  r e a s o n a b l e ,  i f  n o t  c o n c l u s i v e  e v i d e n c e  a s  t o
t h e  minimum e n e r g y  c o n f o r m a t i o n  o f  t r a n s , t r a n s - 1 , 6-CDD.
An X -ray  c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  2 , 7 , - d i b r o m o - 3 , 8 -
46dimethoxy d e r i v a t i v e  h a s  shown t h a t  t h e  ten -m em b ered
r i n g  a d o p t s  a  crown c o n f o r m a t i o n  w i t h  symmetry .  F u r t h e r -
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F i g u r e  1 5 : C a l c u l a t e d  c o n f o r m a t i o n s  o f  c y c l o d e c a - 1 , 6 - d i e n e
w i t h  t h e  f o l l o w i n g  s y m m e tr i e s  ( a ) ^ ^ !  (b )C2y»
( c ) C s , ( ^ ^ h *  ^ ^ 2 h f ^ ^ 2 *  ^ ^ 2 *  ^ ^ i *
(o)d2, (k)c1.
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F i g u r e  1 6 : The c a l c u l a t e d  g e o m e tr y  ( a )  o f  t h e  minimum e n e r g y
t r a n s , t r a n s - c y c l o d e c a - 1 16 -d . i e n e  c o n f o r m a t i o n  compared  
w i t h  t h e  Cgk a v e r a g e d  e x p e r i m e n t a l  v a l u e s  from X - r a y  
c r y s t a l  s t r u c t u r e  a n a l y s e s  o f  a s u b s t i t u t e d  
h y d r o c a r b o n  (b) and 1 , 5 - d i a z a - 6 , 1 0 - c y c l o d e c a d i o n e  ( c ) .
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47more,  1 , 5 - d i a z a - 6 , 1 0 - c y c l o d e c a d i o n e  e x h i b i t s  t h i s  same 
crown c o n f o r m a t i o n  w i t h  v e ry  s i m i l a r  r i n g  t o r s i o n  a n g l e s  
t o  t h e  1,6-CDD d e r i v a t i v e .  The s i m i l a r i t i e s  be tw een  t h e  
minimum e n e rg y  c o n f o r m a t i o n s  o f  medium r i n g  a l k e n e s  and 
am ides  have  been  p r e v i o u s l y  n o t e d , 10 ,48  and t h i s ,  t a k e n  
t o g e t h e r  w i t h  t h e  f a c t  t h a t  t h e  same c o n f o r m a t i o n  o c c u r s  
i n  two e n t i r e l y  d i f f e r e n t  c r y s t a l  s t r u c t u r e s ,  l e n d s  s u p p o r t  
t o  t h e  c a l c u l a t i o n  o f  t h e  crown c o n f o r m a t i o n  o f  F i g u r e  1 5 (a )  
a s  t h e  minimum e n e rg y  t r a n s , t r a n s - v a r i a n t .  Our c a l c u l a t e d  
c o n f o r m a t i o n  h as  symmetry w h i l s t  t h e  s u b s t i t u e n t s
p r e v e n t  t h e  d ib rom o,  d im ethony  d e r i v a t i v e  from a d o p t i n g  t h i s  
form a l t h o u g h  t h e  d e p a r t u r e  from a symmetry i s  n o t  v e ry
g r e a t .  The c y c l i c  d iam id e  h a s  no symmetry and w h i l e  t h e  
d e p a r t u r e  from C^^ i s  l a r g e r  t h a n  f o r  t h e  d ib r o m o ,d im e th o o y -  
1,6-CDD, i t  i s  s t i l l  a r e a s o n a b l e  a p p r o x i m a t i o n  t o  t h e  same. 
The t h r e e  c o n f o r m a t i o n s  a r e  shown i n  F i g u r e  16 w i t h  t h e  
r e s u l t s  o f  t h e  two c r y s t a l  s t r u c t u r e  a n a l y s e s  a v e r a g e d  t o  
g iv e  a Cgk sy m m et r ic  r i n g .
( i )  The C o n f o r m a t i o n a l  A ss ignm en t  o f  c i s , c i s , c i s - 1 , 5 , 9 -  
c y c l o -  d o d e c a t r a e n e  (CDDT)
One o f  t h e  most  p o p u l a r  e x p e r i m e n t a l  t e c h n i q u e s  f o r  
i n v e s t i g a t i n g  t h e  c o n f o r m a t i o n s  o f  m o le c u l e s  and  t h e i r  
i n t e r c o n v e r s i o n s  i s  n u c l e a r  m a g n e t i c  r e s o n a n c e  (NMR)
»
a n a l y s i s .  The NMR s p e c t r u m  o f  c o n f o r m a t i o n s  w h ich  i n t e r ­
c o n v e r t  r a p i d l y  on t h e  s o - c a l l e d  NMR t im e  s c a l e  w i l l  show 
a v e ra g e d  c h e m ic a l  s h i f t s  and c o u p l i n g  c o n s t a n t s .  When t h e  
i n t e r c o n v e r s i o n  i s  s lo w ,  e ac h  c o n f o r m a t i o n  w i l l  g i v e  p i s e
t
to  i t s  own c h a r a c t e r i s t i c  s p e c t r u m .  In t h e  i n t e r m e d i a t e
- 141 -
r e g i o n ,  t h e  s p e c t r u m  i s  b r o a d e n e d ,  and s u i t a b l e  a n a l y s i s  
can  g i v e  t h e  r a t e  c o n s t a n t s  and  f r e e  e n e r g i e s  o f
4:
a c t i v a t i o n  ( AG ) f o r  t h e  i n t e r c o n v e r s i o n .
When an o r g a n i c  c h e m is t  i s  i n t e r e s t e d  i n  d e t e r m i n i n g  
t h e  minimum e n e rg y  c o n f o r m a t i o n  o f  a p a r t i c u l a r  m o le c u l e ,  
he f o r m u l a t e s  a l l  t h e  c o n c e i v a b l e  c o n t e n d e r s ,  and  t h e n ,  on 
t h e  b a s i s  o f  t h e  a n a l y s i s  o f  t h e  NMR s p e c t r u m ,  e l i m i n a t e s  
t h o s e  i n  which  t h e r e  i s  no c o r r e l a t i o n  be tw een  t h e  o b s e r v e d  
sp e c t r u m  and t h e  e x p e c t e d  g e o m e try ,  w i t h  t h e  hope t h a t  t h e  
i n f o r m a t i o n  from t h e  s p e c t r u m  w i l l  a l l o w  an unambiguous 
a s s ig n m e n t  o f  one o f  t h e  p o s t u l a t e d  c o n f o r m a t i o n s  a s  b e i n g  
t h e  one o f  minimum e n e r g y .  In  p r a c t i c e ,  t h i s  i s  n o t  u s u a l l y  
t h e  c a s e  a s  two o r  more o f  t h e  p r o p o s e d  c o n f o r m a t i o n s  a r e  
c o n s i s t e n t  w i t h  t h e  o b s e r v e d  s p e c t r u m .
T h is  i s  t h e r e f o r e  an a r e a  o f  a p p l i c a t i o n  t o  which  MM 
c a l c u l a t i o n s  can  be a p p l i e d  a s  t h e y  c a l c u l a t e  t h e  s t e r i c  
e n e r g i e s  and  d e t a i l e d  g e o m e t r i e s  o f  a l l  t h e  p r o p o s e d  c o n ­
f o r m a t i o n s  and hen ce  n o t  o n ly  can  t h e y  u n i q u e l y  d e t e r m i n e  
th e  minimum e n e rg y  c o n f o r m a t i o n  b u t  a l s o  v e r i f y  t h e  e l i m i n a ­
t i o n  o f  t h e  o t h e r  p r o p o s e d  c o n f o r m a t i o n s  i n  a q u a n t i t a t i v e  
m anner .
One i l l u s t r a t i v e  exam ple  o f  t h e  above  i s  t h e  a t t e m p t e d
a s s ig n m e n t  o f  t h e  minimum e n e r g y  c o n f o r m a t i o n  o f  c i s , c i s , c i s -
491 , 5 , 9 - c y c l o d o d e c a t r i e n e  (CDDT) r i n g  (X I I I )  by NMR a n a l y s i s .
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XI I I
From an  e x a m i n a t i o n  o f  m o l e c u l a r  m o d e ls ,  t h e r e  seems 
t o  be f o u r  c h o i c e s  f o r  t h e  c o n fo rm e r  o f  t h e  CDDT r i n g  -  t h e  
crown ( X I V ( a ) ) ,  t h e  s a d d l e  (X IV (b ) ) ,  t h e  s y m m e t r i c a l  s - t r a n s  
(XIV(c))  and  t h e  u n s y m m e t r i c a l  s - t r a n s  (X IV (d ) ) .  The 
crown (XIV(a))  and  t h e  s a d d l e  (XIV(b)) p o s s e s s  u n f a v o u r a b l e  
nonbonded i n t e r a c t i o n s  due t o  t h e  e c l i p s e d  h y d ro g e n s  w h i l e  
t h e  two s - t r a n s  c o n f o r m a t i o n s  have  r e p u l s i v e  t r a n s a n n u l a r  
hydrogen  i n t e r a c t i o n s .
An NMR a n a l y s i s  o f  1 , 5 , 9 - t r i b r o m o - c i s , c i s , c i s - 1 , 5 , 9 -
49c y c l o d o d e c a t r i e n e  h a s  been  p e r f o r m e d  w i t h  t h e  a im o f
d e t e r m i n i n g  i t s  minimum e n e rg y  c o n f o r m a t i o n .  S in c e
m o le c u l a r  m odels  i n d i c a t e  t h a t  t h e  b rom ine  a tom s c a u s e  no
s e r i o u s  s t e r i c  i n t e r a c t i o n s  i n  t h e s e  f o u r  c o n f o r m a t i o n s ,
we can  assume t h a t  t h e  c o n f o r m a t i o n  o f  t h e  r i n g  i n  t h e
t r i b r o m o t r i e n e  i s  v e r y  s i m i l a r  t o  t h a t  fo u n d  i n  t h e
u n s u b s t i t u t e d  compound ( X I I I ) . T h ere  i s  ample  e v id e n c e
t h a t  su c h  an a s s u m p t io n  i s  v a l i d ,  e . g .  t h e  c o n f o r m a t i o n  o f
t h e  c i s , c i s - c y c l o o c t a - 1 , 5 - d i e n e  r i n g  d e r i v e d  from an X -ray
50c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  3 , 7 , - d i b r o m o  d e r i v a t i v e  i s
ve ry  s i m i l a r  t o  t h a t  fo u nd  by t h e  e l e c t r o n  d i f f r a c t i o n
6 23 -2 6s tu d y  and  MM c a l c u l a t i o n s  o f  t h e  h y d r o c a r b o n  i t s e l f .
From t h e  m a g n i tu d e s  o f  t h e  v i c i n a l  c o u p l i n g  c o n s t a n t s
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X \ :
XIV ( a )  Crown (ta) S a d d le
( c )  u n s y m m e t r i c a l  
e - t r a n s
\
10
(d )  s y m m e t r i c a l  
s - t r a n s
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o f  t h e  e t h a n o  h y d ro g e n s  d e r i v e d  from t h e  h i g h - r e s o l u t i o n
49p r o t o n  s p e c t r u m  o f  t h e  t r i b r o m o t r i e n e ,  i t  c an  be deduced  
t h a t  p a i r s  o f  h y d ro g e n s  a r e  t r a n s  and p a i r s  o f  h y d ro g e n s  
a r e  g au ch e  a s  shown below.
Group 2
Group 3
Cl
/
H
The o n ly  c o n f o r m a t i o n s  o f  t h e  p o s t u l a t e d  f o u r  which  s a t i s f y  
t h e s e  c o n d i t i o n s  a r e  t h e  two s - t r a n s  c o n f o r m a t i o n s  (XIV(c))  
and (X IV (d ) ) .  A n o th e r  f a c t o r  from t h e  NMR a n a l y s i s  which  
must be t a k e n  i n t o  a c c o u n t ,  i s  t h a t  t h e  m o le c u l e  i s  r a p i d l y  
i n t e r c o n v e r t i n g  be tw een  e q u i v a l e n t  c o n f o r m a t i o n s  which  
i m p l i e s  t h a t  d u r i n g  t h i s  i n t e r c o n v e r s i o n ,  t h e  t r a n s  hy d ro g en  
p a i r s  r e m a in  t r a n s  and  t h e  gauche  p a i r s  r e m a in  gauche  -  a 
c o n d i t i o n  t h a t  i s  s a t i s f i e d  by i n t e r c o n v e r s i o n  be tw een  
e q u i v a l e n t  s - t r a n s  c o n f o r m a t i o n s .  In t h e  crown con fo rm a ­
t i o n ,  how ever ,  p a i r s  o f  h y d ro g e n  a r e  c i s  and  p a i r s  a r e  
g a u c h e , and  t h e  r e l a t i v e  o r i e n t a t i o n  i s  p r e s e r v e d  i n  p a i r s  
d u r in g  t h e  r a p i d  i n t e r c o n v e r s i o n  o f  e q u i v a l e n t  crown c o n ­
f o r m a t i o n s .  D ur ing  t h e  i n t e r c o n v e r s i o n  among t h e  s i x  
e q u i v a l e n t  c o n f o r m a t i o n s  o f  t h e  s a d d l e ,  t h e  g e m in a l  
hydrogens  t o  t h e  b rom ine  assume a l l  t h r e e  p o s s i b l e  
o r i e n t a t i o n s  w i t h  r e s p e c t  t o  t h e  ones  , i . e .  c i s  e c l i p s e d , 
gauche (60°)  and  gau ch e  ( 1 2 0 ° ) .
T h e r e f o r e ,  on t h e  b a s i s  o f  t h e  d a t a  p r o v i d e d  by t h e  
a n a l y s i s  o f  t h e  nmr s p e c t r u m ,  t h e  crown and  s a d d l e  can  be
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r i g o r o u s l y  e x c l u d e d  from b e i n g  p r e s e n t  t o  any a p p r e c i a b l e  
e x t e n t ,  and hence  one o f  t h e  two s - t r a n s  c o n f o r m a t i o n s  must  
be t h e  minimum e n e rg y  c o n fo r m e r .  However, s i n c e  t h e  two 
s—t r a n s  c o n f o r m a t i o n s  have  i d e n t i c a l  s p a t i a l  o r i e n t a t i o n s  o f  
t h e  e t h a n o  h y d ro g e n s  and t h u s  t h e  same p r o t o n  NMR s p e c t r u m ,  
i t  i s  i m p o s s i b l e  t o  d i s t i n g u i s h  be tw een  them.
MM c a l c u l a t i o n s ,  u s i n g  WBFF, have  been  p e r f o r m e d  on t h e  
f o u r  p o s s i b l e  c o n f o r m a t i o n s  ( X l V ( a ) - ( d ) )  and  t h e  s t e r i c  
e n e r g i e s  a r e  1 1 .6 8 ,  1 1 .4 8 ,  15 .2 1  and  9 .9 5  k c a l . /  mole 
r e s p e c t i v e l y  which  c o r r e s p o n d s  t o  a p e r c e n t a g e  c o m p o s i t i o n  
o f  6 : 7 : 0 : 8 7  a t  room t e m p e r a t u r e .  These  c a l c u l a t i o n s  t h u s  
i n d i c a t e  t h a t ,  i n  f a c t ,  i t  i s  t h e  u n s y m m e t r i c a l  s - t r a n s  
form which  i s  t h e  minimum e n e rg y  c o n f o r m a t i o n  o f  t h e  
CDDT r i n g .
M o le c u la r  m odels  i n d i c a t e  t h a t  r e p u l s i v e  i n t e r a c t i o n s  
between t r a n s a n n u l a r  h y d ro g e n s  a t  p o s i t i o n s  4 , 8 , 1 2  and 
a t  p o s i t i o n s  3 , 7 , 1 1  i n  t h e  s y m m e t r i c a l  c o n f o r m a t i o n  (XIV(c))  
a r e  more s e v e r e  t h a n  t h e  c o r r e s p o n d i n g  i n t e r a c t i o n s  a t  
p o s i t i o n s  3 , 8 , 1 2  and  a t  p o s i t i o n s  4 , 7 , 1 1  i n  t h e  u n s y m m e t r i c a l  
c o n f o r m a t i o n  (X IV (d ) ) .  MM c a l c u l a t i o n s  c o n f i r m  t h i s  and  
r e v e a l  t h a t ,  i n  o r d e r  t o  m in im is e  t h e  t r a n s a n n u l a r  s t r a i n ,  
t h e  i n t e r n a l  bond a n g l e s  i n  XIV(c) a r e  i n c r e a s e d  w i t h  r e s p e c t  
t o  t h o s e  i n  XIV (d) ( t h e  a v e r a g e  C 2 = C 2 -  Cgp3 a n g l e  i s
1 .4  and  t h e  a v e r a g e  C 2 -  C 3 -  C 3 i s  1 . 8 °  g r e a t e r  i nsp  sp  sp
XIV(c) t h a n  i n  XIV(d)) and  XIV(c) h a s  c o n s i d e r a b l y  more P i t z e r  
s t r a i n  t h a n  XIV (d) .  Even w i t h  t h e  a n g u l a r  and  t o r s i o n a l
d i s t o r t i o n s ,  t h e  i n t r a - a n n u l a r  H . . .  H d i s t a n c e  i s  s t i l l
o o
only  2 .0 7  A i n  XIV(c) compared  t o  2 .1 5  A i n  X I V (d ) . Thus,
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on a c c o u n t  o f  t h i s  u n f a v o u r a b l e  n a t u r e  o f  a n g u l a r ,  t o r s i o n a l  
and nonbonded c o n t r i b u t i o n s  t o  t h e  s t e r i c  e n e r g y ,  XIV(d) 
i s  found  t o  have  a low er  s t e r i c  e n e rg y  by 5 .2 6  k c a l .  /  mole
t h a n  X I V ( c ) .
✓
F u r t h e r m o r e ,  t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  crown 
(XIV(a)) and  t h e  s a d d l e  ( X I V ( b ) ) , n o t  u n e x p e c t e d l y ,  s u f f e r  
a p p r e c i a b l y  from t h e  u n f a v o u r a b l e  nonbonded i n t e r a c t i o n s  o f  
t h e  e c l i p s e d  h y d ro g e n s  i n  t h e  e th a n o  g ro u p s  and have  h i g h e r  
s t e r i c  e n e r g i e s  t h a n  t h e  u n s y m m e t r i c a l  s - t r a n s  (X IV (d ) ) .
Moreover, f rom t h e  d e t a i l e d  geom etry  and r e l a t i v e  
s t e r i c  e n e r g y  t h a t  MM c a l c u l a t i o n s  p r o v i d e  f o r  e ach  c o n fo rm a ­
t i o n ,  i t  i s  o f t e n  p o s s i b l e  t o  i n t e r p r e t  e x p e r i m e n t a l  o b s e r v a ­
t i o n s  which  i s  o t h e r w i s e  n o t  f e a s i b l e .  To i l l u s t r a t e  t h i s ,  
one f e a t u r e  o f  t h e  o b s e r v e d  v i c i n a l  c o u p l i n g  c o n s t a n t s  
(10 .57  and 5 .4 9 )  o f  t h e  e th a n o  h y d ro g e n s  i n  t h e  t r i b r o m o -  
t r i e n e  i s  t h a t  t h e y  a r e  a t  t h e  low er  and uppe r  ends  o f  t h e  
r a n g e s  f o r  t r a n s  ( 1 0 . 5 - 1 2 . 4  c ps )  and  gauche  ( 2 . 7 - 5 . 4  cps)  
v i c i n a l  c o u p l i n g  c o n s t a n t s  f o r  s i x - o r  l a r g e r  membered r i n g s .  
This  can  be i n t e r p r e t e d  a s  b e i n g  a r e s u l t  o f  one o f  two 
e f f e c t s  :
( i )  Small  p r o p o r t i o n s  o f  t h e  crown a n d / o r  s a d d l e  c o n fo r m e rs  
a r e  p r e s e n t  i n  e q u i l i b r i u m  w i t h  t h e  u n s y m m e t r i c a l  s - t r a n s  
c o n f o r m a t i o n ,  and
( i i )  t h e  u n s y m m e t r i c a l  s - t r a n s  co n fo rm e r  (XIV(d)) i s  skewed 
away from a p u r e  s - t r a n s  a r r a n g e m e n t  o f  t h e i r  e t h a n o  
hydrogens  i n  o r d e r  t o  r e l i e v e  p a r t  o f  t h e  s t r a i n  e n e r g y  due 
t o  t r a n s a n n u l a r  hy d ro g en  i n t e r a c t i o n s .
R e s u l t s  f rom  t h e  f o r c e  f i e l d  c a l c u l a t i o n s  imply  t h a t  t h e
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crown and s a d d l e  c o n f o r m a t i o n s  a r e  o n ly  p r e s e n t  t o  a  v e ry  
s m a l l  e x t e n t  (6 and  7 p e r  c e n t  r e s p e c t i v e l y )  and  t h a t  t h e  
s - t r a n s  a r r a n g e m e n t , i n  t h e  u n s y m m e t r i c a l  c o n f o r m a t i o n  (X IV (d ) ) ,  
which i s  c a l c u l a t e d  t o  be t h e  minimum e n e rg y  c o n f o r m a t i o n ,  
i s  "found t o  be skewed away from t h e  p u r e  s - t r a n s  form by, 
on a v e r a g e ,  14° .  C o n s i d e r i n g  t h e  m a g n i tu d e s  o f  t h e s e  
two e f f e c t s ,  MM c a l c u l a t i o n  f a v o u r  t h e  l a t t e r  o f  the two 
e x p l a n a t i o n s .
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CHAPTER four
M o le c u l a r  m e c h a n ic s  c a l c u l a t i o n s  on t h e  
s t a b i l i t y  o f  b r i d g e h e a d  o l e f i n s  i n  b i c y c l o -  
( n u n » l ) a l k - l - e n e  s y s t e m s .
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U*1 I n t r o d u c t i o n
On t h e  b a s i s  o f  e x p e r i m e n t a l  d a t a  r e g a r d i n g  a n o m a l i e s
a s s o c i a t e d  w i t h  t h e  b r i d g e h e a d  p o s i t i o n  o f  b r i d g e d  b y c y c l i c
WBFF) c o u ld  s a t i s f a c t o r i l y  r e p r o d u c e  t h e  a v a i l a b l e  e x p e r ­
i m e n t a l  d a t a  on b r i d g e h e a d  o l e f i n s .  On a c c o u n t  o f  t h e  f a c t  
t h a t  a l l  t h e  r e l e v a n t  e x p e r i m e n t a l  d a t a  was o f  a q u a l i t a t i v e  
n a t u r e ,  i t  was i m p o s s i b l e  t o  i n c l u d e  any su c h  d a t a  i n  t h e  
p a r a m e t r i z a t i o n  o f  t h e  WBFF. However o t h e r  h i g h l y  s t r a i n e d  
b u t  i s o l a b l e  b y c y c l i c  o l e f i n s  e . g .  5 - e t h y l  id enenor .bo rnene  
( I ) ,  n o r b o r n a d i e n e  ( I I )  and o C - p in e n e  ( i l l )  and s t r a i n e d  
t r a n s - c .v c l o a l k e n e s  were  i n c l u d e d  i n  t h e  p a r a m e t r i z a t i o n  o f  
th e  WBFF, w h ich  a c c u r a t e l y  p r e d i c t e d  t h e  g e o m e t r i c  and 
therm odynam ic  p r o p e r t i e s  o f  t h e s e  compounds ( s e e  T a b l e s  3 
and 2+ i n  C h a p t e r  2 ) .
1 2  3compounds, B r e d t  , F a w c e t t  and Wiseman p ro p o s e d  r u l e s
r e g a r d i n g  t h e  s t a b i l i t y  o f  b r i d g e h e a d  o l e f i n s
The f i r s t  aim o f  t h i s  s t u d y  was t o  d e t e r m i n e  i f  t h e  
W h i t e - B o v i l l  a l k a n e / a l k e n e  f o r c e  f i e l d  ( r e f e r r e d  t o  as
CHMe
I I I I I I
V 25.22 3 1 . 3 2 3 8 . 2 3
(iccal./mole)
The d e v e lo p m e n t  and r e s u l t s  o f  t h e  WBFF a r e  d i s c u s s e d  
f u l l y  i n  C h a p t e r  2 . '
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The seco n d  aim o f  t h i s  s t u d y  i s  t o  a s s e s s  t h e  l i m i t s  
o f  a p p l i c a t i o n  o f  t h e  p ro p o se d  r u l e s  and where p o s s i b l e ,  
p r o v i d e  g u i d e l i n e s  o r  r u l e s  f o r  s i t u a t i o n s ,  n o t  c o v e r e d  by 
t h e  p r e v i o u s  r u l e s .
k*2 Review
D u r in g  B r e d t ’ s i n v e s t i g a t i o n s  o f  camphane (IV) and 
p in a n e  (V) d e r i v a t i v e s  be tw ee n  1900 and 1 9 2 he  r e c o g n i s e d  
t h e  r e l u c t a n c e  o f  b r i d g e d  b i c y c l i c  sy s te m s  t o  a l l o w  th e  
p la c e m e n t  o f  d o u b le  bonds a t  t h e i r  b r i d g e h e a d s .  H is  o r i g i n a l  
f o r m u l a t i o n  o f  t h e  r u l e  p r e s e n t l y  b e a r i n g  h i s  name s u g g e s t s  
t h a t  !d o u b le  bonds  a t  t h e  b r i d g e h e a d  atoms o f  cam phenes ,  
p i n e n e s  and s i m i l a r l y  c o n s t i t u t e d  b i c y c l i c  compounds 
impose an  u n n a t u r a l  s p a t i a l  a r r a n g e m e n t  upon  t h e  i n v o lv e d  
atoms and t h e s e  compounds would t h e r e f o r e  s u f f e r  p r o h i b i t i v e  
8 t r a i n *  o r ,  more p r e c i s e l y ,  when a d o u b le  bond i s  c o n s t r a i n e d  
a t  t h e  b r i d g e h e a d  p o s i t i o n  o f  a b i c y c l i c  compound, t h e  
f o u r  g ro u p s  a t t a c h e d  t o  t h e  o l e f i n i c  l i n k a g e  d e v i a t e  
s i g n i f i c a n t l y  f rom  c o p l a n a r i t y  w i t h  t h e  t r i g o n a l  c e n t r e s ,  
as a r e s u l t  o f  t h e  t o r s i o n a l  s t r a i n  and t h e  TT-bond i s  
t h e r e f o r e  weakened due t o  p o o r  o v e r l a p .
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VI V II V I I I
C h em ica l  e v id e n c e  s u p p o r t i n g  B r e d t ’ s r u l e  i n c l u d e s  
t h e  f a i l u r e  o f  hromocamphor ( V I ) t o  e l i m i n a t e  h y d r o g e n  
b rom ide  i n  th e  p r e s e n c e  o f  a b a s e  and t h e  f a i l u r e  o f  t h e  
u n s u b s t i t u t e d  d i a c i d  ( V I I )  t o  c y c l i s e  t o  i t s  a n h y d r i d e ( V I I I ) .
S y s t e m a t i c  i n v e s t i g a t i o n s  o f  t h e  l i m i t s  o f  B r e d t ’s 
r u l e  were  u n d e r t a k e n  d u r i n g  t h e  l a t e  1 9 4 0 ’s by  P r e l o g ^ .
R ing  c l o s u r e  o f  t h e  d i k e t o n e  (A) i n  F i g u r e  1 may g iv e  r i s e  
t o  e i t h e r  t h e  f u s e d - r i n g  sy s te m (B )  o r  th e  b r i d g e d - r i n g  
8 y s te m ( C ) .  P r e l o g  c o n c lu d e d  f rom  t h e s e  r e s u l t s  t h a t
-CH, COCH. CH
CO
!02CH3
•CH,
ACID or, 
BASE
\ ~ \
+  (CH2 ) n CO C
(CH.)
•CH.
2 ' n
H. 
I I
•CH OIU
n=4
n=5
n=6
3
6^ 4 
32£ 
none
none  
14i  
*
F i g u r e  1 . L i m i t a t i o n s  o f  B r e d t ’s Rule
l a r g e r  b i c y c l i c  r i n g  s y s t e m s  c a n ,  i n  f a c t ,  accommodate 
b r i d g e h e a d  d o u b l e  bonds  and t h a t  b i c y c l i c  r i n g  s y s te m s
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i n  t h e  (n .3*1 ) s e r i e s  w i t h  n  = 5 c a n  have  a "br idgehead 
d o u b le  b o n d ,  w h e reas  t h e  b i c y c l o  d e c y l  and s m a l l e r
•Z £
sy s te m s  c a n n o t ,  ( I t  has  b e e n  n o te d  t h a t  a l l  t h e s e  
e x p e r i m e n t s  were p e r fo rm ed  u n d e r  e q u i l i b r a t i n g  c o n d i t i o n s  
and as  a r e s u l t ,  would g i v e  t h e  t h e r m o d y n a m ic a l ly  p r e f e r r e d  
p r o d u c t . )
2
I n  F a w c e t t f s r e v i e w  , a t t e m p t s  were  made t o  d e f i n e  
t h e  l i m i t s  o f  B r e d t ' s  r u l e  more p r e c i s e l y  and a s t a b i l i t y  
( o r  s t r a i n )  p a r a m e t e r  S was i n t r o d u c e d .  I n  b i c y c l o  
(x ,  y ,  z )  a l k - l - e n e s ,  S i s  t h e  sum o f  t h e  number o f  atoms 
i n  t h e  b r i d g e ,  i . e .  S = x + y + z  and t h e  s m a l l e s t  
o b s e r v e d  v a l u e  a t  t h e  t im e  was 9* F a w c e t t  t h e r e f o r e  
s u g g e s t e d  t h a t  b r i d g e d  b i c y c l i c  sy s te m s  w i t h  S ^  9 a r e  
l a r g e  enough t o  p e r m i t  i s o l a t i o n  o f  b r i d g e h e a d  a l k e n e ,  
w h e rea s  t h o s e  s y s t e m s ,  w i t h  S = 6 o r  7 , would e x i s t  s o l e l y  
as  t r a n s i e n t  s p e c i e s .  However,  t h i s  S c r i t e r i o n  f o r  
s t a b i l i t y  d id  n o t  e x p l a i n  why p - k e t o  a c i d  (IX) r e s i s t s  
d e c a rb o x y la t i o n " ^  w h i l e  p - k e t o  a c i d  (X) d e c a r b o x y l a t e s
o
r e a d i l y  -  i n  (IX) and (X ) ,  S = 7 .
COoH
IX
N e i t h e r  does  i t  e x p l a i n  t h e  i n s t a b i l i t y  o f  t h e  enone 
(X I)^  and t h e  s t a b i l i t y  o f  enone ( X I I ) ^  a s  S = 9 i n  b o t h  
e n o n e s .  D e s p i t e  t h e  f a c t  t h a t  F a w c e t t ' s  p r o p o s a l  d i d  n o t
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XI XII
t a k e  i n t o  a c c o u n t  t h e  f a c t  t h a t  t h e  s t a b i l i t y  o f  a 
b r i d g e h e a d  d o u b le  bond d epends  on which  b r a n c h  o f  t h e  
b i c y c l i c  s y s te m  c o n t a i n s  i t ,  i t  was 17 y e a r s  b e f o r e  i t  
was s u p e r c e d e d .
•z
I n  1 967, r e c o g n i t i o n  by Wiseman^ t h a t  t h e  d e t e r ­
m in in g  f a c t o r  was t h e  s i z e  o f  t h e  s m a l l e s t  r i n g  c o n t a i n i n g  
a t r a n s  l i n k a g e  r e p l a c e d  t h e  S c r i t e r i o n  f o r  s t a b i l i t y .  
S t r u c t u r e  X I I I  r e p r e s e n t s  a b i c y c l i c  a lk e n e  w i t h  a 
b r i d g e h e a d  d o u b l e  b o n d .  Wiseman n o te d  t h a t  t h e  d o u b le
a
H
X I I I
bond i n  X I I I  i s  e x o c y c l i c  t o  r i n g  a b ,  b u t  e n d o c y c l i c  i n  
r i n g s  ac and b e .  S i n c e  t h e  d o u b le  bond i s  a t  t h e  b r i d g e ­
head o f  r i n g s  ac and b e ,  i t  f o l l o w s  t h a t  i t  must  be  c i s  
i n  one r i n g  ( i n  t h i s  c a s e ,  b e )  and t r a n s  i n  t h e  o t h e r  ( i n  
t h i s  c a s e ,  a c ) .  He t h e n  p o s t u l a t e d  t h a t  ' t h e  s t r a i n  i n  
b r i d g e h e a d  a l k e n e s  i s  c l o s e l y  r e l a t e d  t o  t h e  s t r a i n  o f
- 158 -
t r a n s - c y c l o a l k e n e s . O r d i n a r i l y ,  a b r i d g e h e a d  d o u b le  bond 
w i l l  be more s t a b l e  when i t  i s  t r a n s  i n  t h e  l a r g e r  o f  t h e  
two r i n g s ,  i n  w h ich  i t  i s  e x o c y c l i c  .
The s t r a i n  o f  t r a n s - c y c l o a l k e n e s  was d i s c u s s e d  i n  
C h a p t e r  3- t r a n s -C.yclohexene h a s  n e v e r  b e e n  i s o l a t e d ,  
b u t  h a s  b e e n  invoked  as  a t r a n s i e n t  i n t e r m e d i a t e  i n  many 
r e a c t i o n s .  B r id g e h e a d  a l k e n e s  c o n t a i n i n g  a t r a n s -  
c y c lo h e x e n e  r i n g  m igh t  be e x p e c t e d  t o  be t o t a l l y  
i n a c c e s s i b l e .  t r a n s - C y c l o h e p t e n e  h a s  b e e n  g e n e r a t e d  and 
t r a p p e d  b u t  n o t  y e t  o b s e r v e d  s p e c t r o p h o t o m e t r i c a l l y ,  
t h e r e f o r e  a b i c y c l i c  b r i d g e h e a d  o l e f i n  i n c o r p o r a t i n g  a 
t r a n s - c y c l o h e p t e n e  f r a g m e n t  may be i s o l a b l e .  t r a n s -  
C y c lo o c t e n e  and h i g h e r  t r a n s - c y c l o a l k e n e s  have  b e e n  
i s o l a t e d ,  so  t h a t  a b r i d g e h e a d  a lk e n e  s h o u ld  be  i s o l a b l e  
when t h e  l a r g e r  o f  t h e  two r i n g s  c o n t a i n i n g  t h e  d o u b le  
bond i s  a t  e ig h t - m e m b e r e d •
T h i s  h y p o t h e s i s  i s  q u a l i t a t i v e l y  s u p p o r t e d  by
d e c a r b o x y l a t i o n  s t u d i e s  o f  b i c y c l o  p - k e t o  a c i d s ^  and
1 0e n o l i s a t i o n  o f  k e t o n e s  • I t  e x p l a i n s  why t h e  d e c a r b o ­
x y l a t i o n  o f  IX i s  l e s s  f a c i l e  t h a n  X -  IX i n v o l v e s  a 
t r a n s - c v c l o h e x e n e  i n t e r m e d i a t e  w h i l e  X i n v o l v e s  a t r a n s -  
c y c l o o c t e n e  i n t e r m e d i a t e .  S i m i l a r l y ,  XI c o n t a i n s  a t r a n s -  
c y c l o o c t e n e  r i n g  as  opposed  t o  t h e  more s t a b l e  t r a n s -  
c y c lo d e c e n e  r i n g  i n  X I I .
However ,  i n  a r e c e n t  r e v i e w  , i t  h a s  b e e n  n o t e d  t h a t  
t h i s  c r i t e r i o n  i s  q u a n t i t a t i v e l y  i n a d e q u a t e  i n  t h e  r e s p e c t
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t h a t  i t  d oes  n o t  d i f f e r e n t i a t e  be tw ee n  b i c y c l o  (4 .3*1 ) 
dec-1  (2 )  ene (XIV) and b i c y c l o  (1+ • 3• 1 ) dec-1  ( 9 ) - e n e  (XV), 
e a c h  o f  w h ich  c o n t a i n  a t r a n s - c y c lo n o n e n e  r i n g  and an  S 
v a l u e  o f  8 .
XIV XV
4*3 M o l e c u l a r  Mechanics  (MM) C a l c u l a t i o n s  and R e s u l t s
MM c a l c u l a t i o n s ,  u s i n g  th e  WBFF, were  p e r fo rm e d  on 
a c a r e f u l l y  s e l e c t e d  g rou p  o f  s e v e n t e e n  b r i d g e d  b i c y c l i c  
o l e f i n s  (A-Q), s i x t e e n  o f  w hich  a r e  b r i d g e h e a d  o l e f i n s .
A l l  s e v e n t e e n  compounds a r e  shown i n  F i g u r e  2 w i t h  t h e i r  
c o r r e s p o n d i n g  s t e r i c  e n e r g y ,  Vs ( k c a l / m o l e ) .  A l l  compounds 
were  m in im ised  u n t i l  a l l  t h e  f i r s t  d e r v i a t i v e s  o f  th e  
p o t e n t i a l  e n e r g y  w i t h  r e s p e c t  t o  t h e  a to m ic  c a r t e s i a n  
c o - o r d i n a t e s  were  l e s s  t h a n  10 k c a l / m o l e  A • A l l  
compounds, e x c e p t  G, r e p r e s e n t  e n e r g y  minim a.  The f a i l u r e  
o f  G t o  e x h i b i t  t h i s  f e a t u r e  i s  p r o b a b l y  due t o  t h e  i n s t a b ­
i l i t y  o f  t h e  c a l c u l a t i o n s  a t  s u c h  a h i g h  s t e r i c  e n e r g y  
v a l u e  ( 5 9 .4 6  k c a l / m o l e ) .  The t o r s i o n  a n g l e s  f o r  e a c h  
" b ic y c l i c  compound i s  g i v e n  i n  T ab le  1 •
T a b le  2 shows - t h e  b r i d g e h e a d  o l e f i n s  l i s t e d  i n
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( a ) B i c y c l o ( 3 « 2 . l ) o c t e n e  s y s t e m s .
B
?
y p 4 0 .5 3
( K c a l . / m o l e )
(k) B i c y c l o ( 3 . 3 > l ) n o n e n e  s y s t e m s .
4 0 . 1 5 4 0 . 9 9
8,
Vs 51.93 
(k ;c a l . /m o le )
7 . 0 32 6 . 5 2
(c ) B i c y c l o ( 4 . 2 . 1 ) n o n e n e s y s t e m s .
5 9 . 4 6 4 9 . 9 9
2
3 4
I
2 6 . 2 5
2
3 4
8 7
£
3 1 . 1 4
2
43
( k c a l . / mole)
Figure 2:  The b i c y c l i c  o l e f i n s  u s e d  i n  t h e  s t u d y .
£
5 8 . 5 1
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(d.) B i c y c l o ( 4 . 3 * l ) d e c e n e  s y s t e m s .
2
0M NL
V„ 3 5 f 8 4 55 .9 8
( k c a l . / m o l e )
(e)  B i c y c l o ( 4 . 4 * l ) u n d e c e n e s y s t e m .
i
5 7
4
/N
5 1^ '3
2 Nr
p
Vs 1 2 .4 1
(k’c a l . / m o l e )
( f )  B i c y c l o ( 5 . 3 ‘ l)''-indecene Cyst em.
9
2
vs 12.82 
( k c a l . / m o l e )
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o r d e r  o f  d e c r e a s i n g  s t e r i c  e n e r g y  (Vs)(Colum n 2 ) .
Columns 3 and 2j. g iv e  i n f o r m a t i o n  on t h e  s i z e s  o f  t h e  
t r a n s - c y c l o a l k e n e  and c i s - c .y c lo a lk e n e  i n c o r p o r a t e d  i n t o  
t h e  h i c y c l i c  s k e l e t o n .  Column 5 shows th e  e n e r g y  due t o  
o u t - o f - p l a n e  d e f o r m a t i o n s  c a l c u l a t e d  by  t h e  WBFF f o r  e a c h  
compound. Columns 6 and 7 g i v e  t h e  t o r s i o n  a n g l e s  a round  
th e  t r a n s  and c i s  d o u b le  bonds  r e s p e c t i v e l y .  Compound F 
h a s  b e e n  e x c lu d e d  s i n c e  i t  i s  n o t  a b r i d g e h e a d  o l e f i n .
D i s c u s s i o n
B i c y c l o  (ii . l+.l  ) undec-1 ( 2 ) - e n e ( P ) , w h ich  c o n t a i n s
1 1a t r a n s - e y e  l o d e c e n e  r i n g  , and b i c y c l o  (U-3-1 ) dec-1
(3)-ene (N) and b i c y c l o (4 -3-1  )dec-1  ( 2 ) - e n e ( 0 ) ^ ,  w h ich
c o n t a i n  a t r a n s - c y c l o n o n e n e  r i n g ,  h a v e  a l l  b e e n  i s o l a t e d  -
t h e  s m a l l e s t  i s o l a b l e  members o f  t h e  b i c y c l o  ( x ,  y ,  l )
a l k - l - e n e  sy s te m  a r e  b i c y c l o  ( 3 - 3 - 1 )  non-1 ( 2 ) - e n e  ( E ) ^ 3
b i c y c l o  (4 -2 .1  )non-1 ( 9 ) - e n e  ( i ) ^ * ^  ^ and b i c y c l o ( 4 - 2 .1 )
.■ non-1 (2 ) - e n e  (J ) ^ >^ ,  e a c h  o f  w h ich  c o n t a i n  a t r a n s  -
c y c l o o c t e n e  r i n g .  Compound E e x h i b i t s  no rm al  s p e c t r a l
p r o p e r t i e s  b u t  shows a h i g h  d e g r e e  o f  r e a c t i v i t y  i n
e l e c t r o p h i l i c  and n u c l e o p h i l i c  a d d i t i o n  r e a c t i o n s ^
However, f rom  a c o m p a r i s o n  o f  s p e c t r a l  p r o p e r t i e s  and o f
1 5th e  r a t e s  o f  e l e c t r o p h i l i c  a d d i t i o n  r e a c t i o n s  o f  
compounds E and I ,  i t  c a n  be c o n c lu d e d  t h a t  t h e  d o u b le  
bond i s  s l i g h t l y  l e s s  s t r a i n e d  i n  t h e  l a t t e r .
The r e s u l t s  f rom  t h e  MM c a l c u l a t i o n s  s u p p o r t  
t h e s e  e x p e r i m e n t a l  o b s e r v a t i o n s .  The s t e r i c  e n e r g i e s
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c a l c u l a t e d  f o r  a l l  t h e s e  i s o l a b l e  b r i d g e h e a d  o l e f i n s  ( J ,
E, I ,  N, 0 and P) a r e  n o t  e x c e s s i v e l y  h i g h  and a l l  a r e  
i n d e e d ,  l e s s  t h a t  t h e  s t e r i c  e n e r g y ,  Vs ,  o f  31*32 k c a l / m o l e  
which  was c a l c u l a t e d  f o r  n o r b o r n a d i e n e  ( I I ) .  T h e r e f o r e ,  
on t h e  b a s i s  o f  MM c a l c u l a t i o n s ,  t h e s e  b r i d g e h e a d  o l e f i n s  
( J , E , I , N , 0  and P) would be  e x p e c te d  t o  be i s o l a b l e .  
F u r t h e r m o r e ,  t h e  c a l c u l a t e d  s t e r i c  e n e r g y ,  V s ,  o f  I  i s  
0 . 3  k c a l / m o l e  l e s s  t h a n  t h a t  o f  E and th e  c a l c u l a t e d  
t o r s i o n  a n g l e  a b o u t  t h e  d o u b le  bond i s  12+9° i n  I  compared 
w i t h  12+ 7° i n  E -  b o t h  t h e s e  r e s u l t s ,  t o g e t h e r  w i t h  t h e  
r e l a t i v e  m a g n i tu d e s  o f  t h e  o u t - o f - p l a n e  b e n d in g  components  
o f  t h e  s t e r i c  e n e r g y  o f  I  and E ( s e e  column 5 i n  T ab le  2 ) ,  
p o i n t  t o  t h e  f a c t  t h a t  t h e  d o u b le  bond i s  l e s s  s t r a i n e d  
i n  I  and t h a t  E s h o u ld  be more r e a c t i v e .
B i c y c l o  ( 3 * 2 . 1 )  o c t - 1  ( 2 ) - e n e ( A )  and b i c y c l o ( 3 * 2 .1 )
oc t -1  ( 7 ) - e n e ( B ) , e a c h  o f  w hich  c o n t a i n s  a t r a n s -c .y c lo -
h e p te n e  r i n g ,  h av e  b e e n  p r e p a r e d  b u t  p ro ved  t o  be u n s t a b l e
.and h e n c e ,  a f t e r  t h e i r  g e n e r a t i o n ,  c o u ld  o n l y  be  t r a p p e d
16w i th  d i p h e n y l i s o b e n z o f u r a n  b u t  n o t  o b s e r v e d  • A t t e m p t s  
to  p r e p a r e  b i c y c l o  ( 2 . 2 . 1 )  h e p t - l - e n e  (XVI) ,  w hich  
i n c o r p o r a t e s  a t r a n s - c y c l o h e x e n e  f r a g m e n t  i n t o  i t ,  have
A 7
been  u n s u c c e s s f u l  . These  o b s e r v a t i o n s  a r e  i n  a c c o rd
XVI
w i th  r e s u l t s  f rom  MM c a l c u l a t i o n s .  The s t e r i c  e n e r g i e s  
o f  t h e  b i c y c l o  ( 3 . 2 . 1 )  sy s te m s  and s i m i l a r  sy s te m s
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c o n t a i n i n g  a t r a n s -c .yc lohexene  r i n g ,  a r e  a l l  i n  e x c e s s  o f  
1+0 k c a l / m o l e  ( s e e  T a b le  2 ) ,  w h ich  i m p l i e s  t h a t  t h e s e  
m o le c u l e s  a r e  h i g h l y  s t r a i n e d  and h e n ce  d i f f i c u l t  t o  
i s o l a t e .  The f a c t  t h a t  t h e  c a l c u l a t e d  s t e r i c  e n e r g y
o f  t h e  compounds A and B a r e  a b o u t  9 k c a l / m o l e  h i g h e r
t h a n  t h a t  o f  n o r b o r n a d i e n e  ( I I )  r e i n f o r c e s  t h i s  o p i n i o n
as  n o r b o r n a d i e n e  i s  i t s e l f  a s t r a i n e d  b i c y c l i c  d i e n e ,  as
1 8e v id e n c e d  by  i t s  h i g h  h e a t  o f  h y d r o g e n a t i o n  , w h ich  
a v e r a g e s  3k k c a l / m o l e  p e r  d o u b le  bond v s ,  a norm al  v a l u e  
o f  a b o u t  26 t o  28 k c a l / m o l e  and by  i t s  r e a r r a n g e m e n t  on 
h e a t i n g ,  t o  t r o p y l i d e n e  (X V II ) ,  a m o n o cy c l ic  t r i e n e ^ .
XVII
I I
The o n l y  e x p e r i m e n t a l l y  d e r i v e d  p h y s i c a l  d e s ­
c r i p t i o n  o f  a b r i d g e h e a d  a l k e n e  comes f rom  an X - r a y
20 21c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  compound XV III  9 . T h is
i s  a  r e l a t i v e l y  u n s t r a i n e d  example  o f  an  11 a n t i  -B red  t M
CO.NH.C^KLCl
XVIII
compound. The s t r a i n ,  a p p e a r s  t o  m a n i f e s t  i t s e l f  b o t h  i n  
th e  w a r p in g  o f  t h e  d o u b le  bond (by  8 , 6 ° )  and bond a n g le
d e f o r m a t i o n ,  p a r t i c u l a r l y  a round  the  "br idgehead p o s i t i o n .  
M oreover ,  t h e  d o u b le  bond i s  i n  a p o t e n t i a l l y  c o n j u g a t i n g  
p o s i t i o n  w i t h  t h e  c a r b o n y l  p o s i t i o n ,  t o  g i v e  an enone 
s y s t e m .  However, e nones  have  c h a r a c t e r i s t i c  c h e m ic a l  and 
s p e c t r o s c o p i c  p r o p e r t i e s  and t h i s  example  e x h i b i t s  b e h a v i o u r  
w hich  i s  i n t e r m e d i a t e  b e tw ee n  t h e  t r u e  enone and i s o l a t e d  
d o u b le  bond and c a r b o n y l  s y s t e m s ,  i . e .  t h e  s t r a i n  imposed 
by  t h e  b r i d g e h e a d  p o s i t i o n  o f  t h e  d o u b le  bond r e s u l t s  i n  a 
d i s t o r t i o n  f rom  i d e a l  ( p l a n a r )  enone g e o m e t r y .  E m p i r i c a l  
e x a m i n a t i o n  o f  t h e  u . v .  s p e c t r u m  i n d i c a t e d  an a n g le  o f  
t w i s t  o f  a b o u t  i |0°  b e tw e e n  th e  d o u b le  bond and c a r b o n y l  
p l a n e .  X - r a y  a n a l y s i s  r e v e a l e d  an a n g le  o f  t w i s t  o f  3 2 ° .
MM c a l c u l a t i o n s  on t h e  c o r r e s p o n d i n g  u n s u b s t i t u t e d  
e q u i v a l e n t  o f  XV III  i . e .  XIX, a r e  i n  e x c e l l e n t  a g re em e n t  
w i t h  t h e  X - r a y  r e s u l t s .  F i g u r e  3 shows a c o m p a r i s o n  o f  
th e  c a l c u l a t e d  g e o m e t ry  o f  XIX and t h e  o b s e r v e d  geo m e try  
o f  X V I I I .  The f o r c e  f i e l d  u sed  i n  t h e  MM c a l c u l a t i o n s  was
an  e x te n d e d  v e r s i o n  o f  t h e  WBFF, w hich  i s  p a r a m e t r i s e d
22f o r  t h e  c a r b o n y l  f u n c t i o n  .
XIX
From t h e  f o r e g o i n g  d i s c u s s i o n ,  i t  i s  c l e a r  t h a t  t h e  
r e s u l t s  f rom  t h e  MM c a l c u l a t i o n s ,  u s i n g  t h e  WBFF, a r e  i n
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1.56 (1.53)
125.4
(123.2) 112.8(113.2)
1.29(1.34) 1.56 (1.53)
106.2
(107.8).
120.1
125.8 ( 1 2 3 . 4 | u o .o)
X i 3 V v
/(1 1 6 -5 )  \ i 4g (1.47)
110.1 (113.8)
(104.7)
1 1 2 .7
(115-1)
1.56 (1-54)12  2.7
(1 2 3 .6 )
1.53 (1.50)
113.0
(115.6)
117.1
(117.8)
1.56 (1.54) 1.56 (1.54)
/1.51
114.5 / ( 1 . 5 4 )  
[115.5 /
Hiftnre 3 ( a 3 ' Com parison  o f  t h e  e x p e r i m e n t a l l y  o b s e r v e d  and  
c a lc u l a t e d ,  ( i n  p a r e n t h e s e s  ) "bond, l e n g t h s  and 
a n g l e s  f o r  t h e  b i c y c l o ( 5 * 3 # l ) u n d e c - l ( l O ) - e n e -  
1 1 -o n e  sy stem #
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25(34 (-1)
-170  (-176) 0 (-1} 62 (61)
C35 (-28) 59(55K  \
-5 9  (-67) _ 42 ^ _ 3 i \ _ i 5 7  (_148)137(1 47)
121 (121) /- 5 0  (-54)
94 (88).-44  (-38)
90(93) -9 4  (-98)
ffifture ■ Com parison  o f  t h e  e x p e r i m e n t a l l y  observed , and
c a l c u l a t e d  ( i n  p a r e n t h e s e s  ) t o r s i o n  a n g l e s  
f o r  t h e  " b ic y c lo ( 5 . 3 « l ) u n d e c - l ( l 0 ) - e n e - l l - o n e  
system #
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s u f f i c i e n t  a g re em e n t  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s
a t  o u r  d i s p o s a l ,  t o  e n a b l e  us  t o  p l a c e  a c e r t a i n  d e g r e e  o f  
c o n f i d e n c e  i n  t h e  p r e d i c t i o n s  and c o m p a r i s o n s  o b t a i n e d  
f rom  t h e  u s e  o f  t h e  WBFF,
e n e r g i e s  o f  E and F ,  t h a t  p l a c i n g  a d o u b le  bond i n  a 
b r i d g e h e a d  p o s i t i o n  as  opposed  t o  a n o n - b r i d g e h e a d  p o s i t i o n  
i n  t h e  b i c y c l o  (3*3*1)  nonene s y s te m  r e s u l t s  i n  an
i n c r e a s e  o f  t h e  s t e r i c  e n e r g y  o f  a b o u t  19 k c a l / m o l e .  T h is  
i n c r e a s e  i s  due t o  t h e  f a c t  t h a t  m o le c u le s  p o s s e s s i n g  
b r i d g e h e a d  d o u b le  bonds a r e  s t r a i n e d  as  a r e s u l t  o f  
f o r c i n g  t h e  n - b o n d i n g  sy s te m  t o  assume an  u n n a t u r a l  
g e o m e t r y  and n o t  as  a r e s u l t  o f  m o l e c u l a r  o v e r c r o w d i n g .
T h is  i s  b o rn e  o u t  by  t h e  e x p e r i m e n t a l  o b s e r v a t i o n  t h a t  
e l i m i n a t i o n  o f  HY f rom  b i c y c l o  (3*3*1)  nonane compound 
(XX) l e a d s  p r e d o m i n a n t l y  t o  t h e  2 - e n e ( F )  r a t h e r  t h a n  t h e
I t  c a n  be  deduced  from a c o m p a r i s o n  o f  t h e  s t e r i c
1 - e n e  (E )1 ^ .
E
-  1 7 6  -
The v a l i d i t y  o f  y / i s em an 's  t r a n s - c y c l o a l k e n e  a n a lo g y  
i s  v i n d i c a t e d  hy  th e  MM c a l c u l a t i o n s  as  sy s te m s  i n c o r p o r ­
a t i n g  t r a n s -c .y c lo d ec en e  r i n g  a r e  c a l c u l a t e d  t o  he l e s s
s t r a i n e d  t h a n  t h o s e  w i t h  a t r a n s -c .yc lononene  and so  on 
( s e e  column 3 o f  T a b le  2 ) .  I n  a d d i t i o n ,  t h e  t o r s i o n  
a n g le  a b o u t  t h e  t r a n s  d o u b le  bond i n  th e  b i c y c l o  ( x . y . 1 ) 
a l k - l - e n e  sy s te m s  i s  i n  t h e  same o r d e r  o f  m ag n i tu d e  as  i n  
t h e  t r a n s - c y c l o a l k e n e  a n a l o g u e .  I t  i s  n o t e w o r t h y ,  b u t  n o t
u n e x p e c t e d ,  t h a t  t h e r e  i s  a c o r r e l a t i o n  b e tw e e n  th e  s t e r i c  
e n e r g y ,  Vs (column 2 ) ,  t h e  o u t - o f - p l a n e  d e f o r m a t i o n  
e n e r g y  (co lum n 5) and t h e  t o r s i o n  a n g le  a b o u t  t h e  t r a n s
d o u b le  bond (column 6 ) .  The d o m in an t  f a c t o r  c o n t r o l l i n g  
t h e  i n h e r e n t  d e g r e e  o f  s t r a i n  o f  a b i c y c l o  ( x , y , 1  ) a l k - l - e n e
compound i s  t h e r e f o r e  t h e  s i z e  o f  t h e  t r a n s - c y c l o a l k e n e  
f r a g m e n t •
B r id g e h e a d  o l e f i n s  have  b e e n  d i v i d e d  i n t o  two c l a s s e s  
2/by F a w c e t t  -  t h o s e  w h ich  a r e  i s o l a b l e  and t h o s e  w h ich  a r e  
t r a n s i e n t  i n t e r m e d i a t e s .  The s t e r i c  e n e r g i e s  o f  t h e  
f o r m e r  a r e  a l l  c a l c u l a t e d  t o  be l e s s  t h a n  o r  e q u a l  t o  31 *14 
k c a l / m o l e ,  w h i l e  t h o s e  o f  t h e  l a t t e r  c l a s s  a r e  g r e a t e r
t h a n  o r  e q u a l  t o  35*84 k c a l / m o l e .  I t  would a p p e a r  t h a t  i f  
t h e  s t e r i c  e n e r g y ,  V s ,  o f  a b i c y c l i c  b r i d g e h e a d  o l e f i n  i s  
l e s s  t h a n  a b o u t  33 k c a l / m o l e  w i t h  r e s p e c t  t o  t h e  WBFF, i t
sh o u ld  be i s o l a b l e .  Whereas i f  t h e  c a l c u l a t e d  s t e r i c  
e n e r g y  e x c e e d s  t h i s  v a l u e ,  th e  b r i d g e h e a d  o l e f i n  would
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be e x p e c t e d  t o  be h i g h l y  s t r a i n e d  and e x i s t  a s  a t r a n s i e n t  
i n t e r m e d i a t e .  F u r t h e r m o r e ,  t h e  l a r g e  d i s t o r t i o n  f rom  
c o p l a n a r i t y  o f  t h e  f o u r  g ro u p s  a t t a c h e d  t o  t h e  o l e f i n i c  
l i n k a g e  i n  b i c y c l i c  sy s te m s  c o n t a i n i n g  t r a n s -  c y c l o h e x e n e
r i n g s  ( s e e  column 6 i n  t a b l e  2)  s u g g e s t  t h a t  s u c h  compounds 
must  have  s u b s t a n t i a l  d i r a d i c a l  c h a r a c t e r .
As p r e v i o u s l y  m e n t i o n e d ,  W isem an 's  h y p o t h e s i s
t e l l s  us  n o t h i n g  a b o u t  t h e  r e l a t i v e  s t a b i l i t i e s  w i t h i n  a 
g i v e n  r i n g  s y s te m  i . e .  f o r  b i c y c l o ( x . y . l )  a l k - l - e n e  
s y s te m s  where  x /  y ,  w i t h  a d o u b le  bond a t ,  b u t  n o t  o n ,  t h e
b r i d g e h e a d ,  i t  i s  n o t  p o s s i b l e  t o  p r e d i c t  w h e t h e r  i t  i s  
e n e r g e t i c a l l y  more e x p e n s i v e  t o  p l a c e  t h e  d o u b le  bond i n  
t h e  s m a l l e r  r i n g  o r  i n  t h e  l a r g e r  r i n g .
On t h e  b a s i s  o f  W isem an 's  p o s t u l a t e ,  no d i s t i n c t i o n
c a n  be made b e tw e e n  i so m e rs  A and B, I  and J  and K and 0 .
MM c a l c u l a t i o n s  u s i n g  th e  WBFF, i n d i c a t e  t h a t  i t  i s  more 
f a v o u r a b l e  t o  p l a c e  t h e  d o u b le  bond i n  t h e  second  l a r g e s t  
b r i d g e  so  t h a t  B i s  l e s s  s t r a i n e d  t h a n  A, I  i s  l e s s  
s t r a i n e d  t h a n  J  and N i s  l e s s  s t r a i n e d  t h a n  0 ( s e e  F i g u r e
2 ) .  A s i m i l a r  c o n c l u s i o n  h a s  b e e n  drawn f rom  MM c a l c u l a t -
23io n s  p e r f o r m e d  by  B u r k e r t  u s i n g  A l l i n g e r ' s  f o r c e  f i e l d .
E x a m in a t io n  o f  b i c y c l o  ( 3 * 2 . 1 )  o c t - l - e n e  s y s t e m s ,
A and B r e v e a l s  t h a t  i n c o r p o r a t i o n  o f  t h e  d o u b le  bond i n t o
l a r g e s t  b r i d g e  o f  t h i s  t r a n s - c y c l o h e p t e n e  a n a l o g u e ,  as  i n  
A r e s u l t s  i n  t h e  f o r m a t i o n  o f  a h i g h  e n e r g y  b o a t  c o n fo r m ­
a t i o n  o f  c i s - c y c l o h e x e n e  w hich  i s  c h a r a c t e r i s e d  by
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u n f a v o u r a b l e  t o r s i o n a l  and nonbonded i n t e r a c t i o n s .  I f ,  on
t h e  o t h e r  h a n d ,  t h e  d o u b le  bond i s  p l a c e d  i n  t h e  second
l a r g e s t  b r i d g e  ( a s  i n  B ) ,  t h i s  e n a b l e s  t h e  s ix -m em bered  
r i n g  t o  assume an e n e r g e t i c a l l y  p r e f e r r e d  c h a i r  c o n f o r m a t i o n .
S i m i l a r l y ,  compound B i s  more s t a b l e  t h a n  compound C, s i n c e
t h e  f o r m e r  p o s s e s s  a c h a i r  c y c lo h e x a n e  r i n g  and t h e  l a t t e r
a b o a t  c y c l o h e x a n e  r i n g .
M o l e c u l a r  models  o f  b i c y c l o  ( 4 * 2 . 1 )  non-1 ( 8 ) - e n e  ( I )
and b i c y c l o ( 4 * 2 . 1  ) non-1 (2 )  - e n e  ( J )  and o f  b i c y c lo ( 4 * 3 * 1  )
dec-1  ( 9 ) - e n e  (N) and b i c y c l o (4*3*1 ) dec-1  ( 2 ) - e n e ( 0 )  
i n d i c a t e  t h a t  t h e  d o u b le  bond i s  d i s t o r t e d  more when i t  i s
p l a c e d  i n  t h e  l a r g e s t  b r i d g e  ( a s  i n  J  and 0)  as  compared 
t o  when i t  i s  p l a c e d  i n  t h e  second  l a r g e s t  b r i d g e  ( a s  i n
I  and N) w i t h i n  a g i v e n  s k e l e t o n .  T h i s  i s  due t o  t h e
' f a c t  t h a t  when a d o u b le  bond i s  i n t r o d u c e d  i n t o  a r i n g  
s y s t e m ,  t h e  sy s te m  becomes l e s s  f l e x i b l e .  T hus ,  when a
c i s  d o u b l e  bond i s  p l a c e d  i n  t h e  seco n d  l a r g e s t  b r i d g e
so as  t o  fo rm  a r i g i d  c i s  -  c y c l o p e n t e n e , as  i n  I ,  o r  a 
c i s - c y c l o h e x e n e . as  i n  N, t h e  o t h e r  s a t u r a t e d  s e v e n
membered r i n g  i n  ,1 and N h a s  more d e g r e e s  o f  f r e e d o m ,  by
which  i t  c a n  a c t  t o  m in im is e  t h e  d i s t o r t i o n  o f  t h e  d o u b le  
bond and i t s  s u b s t i t u e n t s  f rom t h e  p r e f e r r e d  p l a n a r
g e o m e try  and t h e  s t r a i n  s u f f e r e d  by  t h e  compound, t h a n  when
t h e  d o u b le  bond i s  p l a c e d  i n  t h e  l a r g e s t  b r i d g e  t o  form 
a c i s - c .y c lo h e n te n e  r i n g  ( a s  i n  J  and 0)  and t h e  u n f a v o u r ­
a b l e  s t r a i n  components  m in im ised  by  o n l y  f i v e  -  and s i x -  
membered r i n g s ,  a s  i n  J  and 0 r e s p e c t i v e l y .  T hu s ,  f rom
m o d e l s ,  one would e x p e c t  I  t o  be  l e s s  s t r a i n e d  t h a n  0 .
MM c a l c u l a t i o n s  c o n f i r m  t h e s e  p r o p o s a l s  -  t h e  s t e r i c  
e n e r g y  o f  I  i s  c a l c u l a t e d  t o  be  4*89 k c a l / m o l e  l e s s  t h a n
J and the steric energy of N is 2.73 kcal/mole less than
0 .  The s u b s t i t u e n t s  on t h e  d o u b le  bond d e v i a t e  f rom
p l a n a r i t y ,  on a v e r a g e  by  1 7 °  i n  I  and by  21°  i n  J .  The
torsion angle about the trans double bond is 149° in I
as  opposed  t o  143° i n  J .  The b r i d g e  bond a n g le  i s  9 1 .4°
in I compared to 88.5° in J. Similarly, the deviation of
t h e  s u b s t i t u e n t s  f rom  p l a n a r i t y  i n  N i s  1 0 °  a s  opposed t o
,16° i n  0 .  The t o r s i o n  a n g le  a b o u t  t h e  t r a n s  d o u b le  bond
is 164° in N and 153° in 0, the bridge bond angle is
1 0 1 .9 °  i n  N and 1 0 1 . 6 °  i n  0 .
I t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  c a l c u l a t e d
s t e r i c  e n e r g y  f o r  compound I  i s  l e s s  t h a n  t h a t  o f  
compound E,  w h ic h ,  i n  t u r n ,  i s  l e s s  t h a n  t h a t  o f  compound
J  ( s e e  T a b le  2 ) .  Compounds I ,  E and J  a l l  i n c o r p o r a t e  a
t r a n s - e y e l o o c t e n e  r i n g  i n t o  t h e i r  s k e l e t o n .  Compound I
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h a s  a c i s - c y c l o p e n t e n e  and c y c l o h e p t a n e  r i n g ,  compound E 
h a s  a c i s - c y c l o h e x e n e  and c y c lo h e x a n e  r i n g ,  w h i l e  J  h a s  a
c i s - c y c l o h e p t e n e  and c y c l o p e n t a n e  r i n g .  The d e v i a t i o n  o f
d o u b le  bond s u b s t i t u e n t s  from p l a n a r i t y  i s  17°  i n  I ,  20°
i n  E and 21°  i n  J .  The t o r s i o n  a n g le  a b o u t  t h e  t r a n s
d o u b le  bond i s  1 i+9° i n  I ,  i 1+7° i n  E and 143°  i n  J .
These  r e s u l t s ,  t o g e t h e r  w i t h  t h e  r e s u l t s  f o r  t h e  b i c y c l o  
( ^ • 2 . 1 ) - n o n e n e s  I  and J  and b i c y c l o (14-.3.1 •) d e c e n e s  N and
0 ,  s u p p o r t  t h e  t h e o r y  t h a t ,  w i t h i n  a g i v e n  s k e l e t o n ,  which
h a s  a d o u b le  bond a t ,  b u t  n o t  o n ,  t h e  b r i d g e ,  t h e  d o u b le
bond i s  more f a v o u r a b l e  when i t  i s  p l a c e d  i n  t h e  second
l a r g e s t  b r i d g e  o r  a l t e r n a t i v e l y ,  t h e  sy s te m  w i t h  a c i s -
c y c l o p e n t e n e  r i n g  i s  more s t a b l e  t h a n  one w i t h  a c i s -
c y c lo h e x e n e  r i n g  w h ich  i n  t u r n  i s  more s t a b l e  t h a n  one
•with a c i s - c y c l o h e p t e n e  r i n g .  S i m i l a r  d e d u c t i o n  c a n  be
drawn f rom  t h e  r e s u l t s  o f  P and Q.
U n f o r t u n a t e l y ,  t h e  o n l y  e x p e r i m e n t a l  c o n f i r m a t i o n
o f  t h i s  t h e o r y  i s  t h e  a f o r e m e n t io n e d  d a t a  t h a t  t h e  d o u b le
15bond i s  more s t r a i n e d  i n  E t h a n  i t  i s  i n  I  . To o b t a i n  
c o n c l u s i v e  e x p e r i m e n t a l  p r o o f ,  i t  would be  n e c e s s a r y  t o  
d e t e r m i n e  t h e  h e a t s  o f  h y d r o g e n a t i o n  a n d / o r  h e a t s  o f  
f o r m a t i o n  o f  t h e  a p p r o p r i a t e  b r i d g e h e a d  o l e f i n s .  Many
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r e a c t i o n s  w h ich  y i e l d  t h e s e  o l e f i n s  o c c u r  u n d e r  e q u i l ­
i b r iu m  c o n d i t i o n s  and t h u s  y i e l d  t h e r m o d y n a m i c a l l y  p r e f e r r e d  
p r o d u c t s ,  o r  a l t e r n a t i v e l y ,  t h e  r e l a t i v e  p e r c e n t a g e  o f  
p r o d u c t s  f rom  a r e a c t i o n  may n o t  r e f l e c t  t h e i r  r e l a t i v e  
s t a b i l i t i e s ,  b u t  r a t h e r  t h e  s t a b i l i t i e s  o f  t h e  t r a n s i t i o n  
s t a t e s ,  whose c o n f o r m a t i o n s  do n o t  r e s e m b le  t h o s e  o f  t h e  
p r o d u c t s •
When t h e  d o u b le  bond i s  p l a c e d  i n  t h e  s m a l l e s t  
b r i d g e  ( u s u a l l y  r e f e r r e d  t o  ' t h e  b r i d g e h e a d ' ) ,  t h e  t r a n s  
d o u b le  bond as  a c o n seq u e n ce  i s  l o c a t e d  i n  a r e l a t i v e l y  
s m a l l  t r a n s - c y c l o a l k e n e  r i n g .  MM c a l c u l a t i o n s  i n d i c a t e  
t h a t  on a c c o u n t  o f  t h e  f a c t  o f  t h e  l a r g e  d i s t o r t i o n s  o f  
t h e  t r a n s  t o r s i o n  a n g l e  f rom  180°  and o f  t h e  c i s  t o r s i o n  
a n g le  f rom  0 ° ,  e . g .  t h e  c o r r e s p o n d i n g  v a l u e s  i n  H a r e  86° 
and 59°> t h e s e  compounds a r e  u s u a l l y  h i g h l y  s t r a i n e d  and i n  
some c a s e s ,  i t  becomes d i f f i c u l t  t o  d i f f e r e n t i a t e  b e tw e e n  
s i t u a t i o n s  i n  w h ich  t h e  d o u b le  bond i s  t r a n s  and t h o s e  i n  
w h ich  i t  i s  c i s .
I n  g e n e r a l ,  w i t h i n  a g i v e n  s k e l e t o n ,  s y s te m s  w i t h  a 
d o u b le  bond p l a c e d  i n  t h e  second  l a r g e s t  b r i d g e  w i l l  be 
l e s s  s t r a i n e d  t h a n  t h o s e  w i t h  a dou b le  bond l o c a t e d  i n  t h e
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l a r g e s t  b r i d g e ,  which  i n  t u r n  i s  l e s s  s t r a i n e d  t h a n  
t h o s e  w i t h  a d o u b le  bond s i t u a t e d  on th e  s m a l l e s t  
b r i d g e •
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CHAPTER FIVE
P r e d i c t i o n  o f  t h e  s t e r e o c e l e c t i v i t y  o f  h i n d e r e d  s u b s t r a t e s
-  1 8 6  -
5.1 I n t r o d u c t i o n
S t e r i c  and e l e c t r o n i c  e f f e c t s  s t r o n g l y  i n f l u e n c e  
t h e  r a t e s  and e q u i l i b r i a  o f  many r e a c t i o n s  i n  o r g a n i c  and 
i n o r g a n i c  c h e m i s t r y .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  examine 
c l o s e l y  t h e  s t e r i c  and e l e c t r o n i c  p r o p e r t i e s  o f  t h e  
r e a c t i n g  s p e c i e s ,  b o t h  i n  t h e i r  ground and e x c i t e d  s t a t e s ,  
i f  t h e  n a t u r e  o f  t h e  p r o d u c t s  and r a t e  o f  a p a r t i c u l a r  
r e a c t i o n  a r e  t o  be p r e d i c t e d .
S t e r e o s e l e c t i v i t y  i s  o f  g r e a t  im p o r t a n c e  i n  t h e
d e s i g n  o f  o r g a n i c  r e a c t i o n s ,  p a r t i c u l a r l y  i n  t h e  s y n t h e s e s
o f  n a t u r a l  p r o d u c t s .  A S t e r e o s e l e c t i v e 1 r e a c t i o n  i s  one
i n  w h ich  o f  two ( o r  more)  p o s s i b l e  s t e r e o i s o m e r i c  p r o d u c t s ,
one i s  p ro d u ce d  i n  ( g r e a t )  p red om in an c e  o v e r  t h e  o t h e r ( s ) .
A l th o u g h  i t  h a s  l o n g  b e e n  r e c o g n i s e d  t h a t  s t e r i c
h i n d r a n c e  i s  an  i m p o r t a n t  f a c t o r  i n  s t e r e o - s e l e c t i v e .
■\
t r a n s f o r m a t i o n s  , few a t t e m p t s  have  b e e n  made t o  d e a l  w i t h
t h i s  c o n c e p t  i n  a q u a n t i t a t i v e  m anner .
Most o r g a n i c  c h e m i s t s  t r y  t o  e s t i m a t e  t h e  d e g r e e  o f
s t e r i c  c o n g e s t i o n  a t  s i t e s  o f  c h e m i c a l  a t t a c k  f rom a
v i s u a l  i n s p e c t i o n  o f  a m o l e c u l a r  model  o f  t h e  compound o f
i n t e r e s t .  However,  m o l e c u l a r  models  c a n  be  m i s l e a d i n g  and
t h i s  a p p r o a c h  becomes i n c r e a s i n g l y  complex  p a r t i c u l a r l y
when t h e r e  i s  v e r y  l i t t l e  s t e r i c  h i n d r a n c e  f rom t h e
im m edia te  n e i g h b o u r s  and t h e  medium-and l o n g  -  r a n g e
s t e r i c  e f f e c t s  become dom inan t  f a c t o r s  i n  c o n t r o l l i n g  t h e
2s t e r e o s e l e c t i v i t y  o f  a r e a c t i o n  and when more t h a n  one
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c o n f o r m a t i o n  o f  t h e  m o le c u le  may r e a c t .
3
Y/ipke and Gund have  d e v i s e d  an  a l g o r i t h m  f o r  
c a l c u l a t i n g  s e m i - q u a n t i t a t i v e  e s t i m a t e s  o f  t h e  r e l a t i v e  
s t e r i c  c o n g e s t i o n  a t  p o s s i b l e  r e a c t i o n  s i t e s .  T h is  
t e c h n i q u e  i s  e x t r e m e l y  u s e f u l  f o r  p r e d i c t i n g  w h ich  o f  th e  
p o s s i b l e  p r o d u c t s  w i l l  d o m in a te  i n  r e a c t i o n s ,  w h ich  a r e  
c o n t r o l l e d  by  s t e r i c  i n f l u e n c e  o f  n e i g h b o u r i n g  atoms i n  
t h e  m o l e c u l e .  A c e r t a i n  d e g r e e  o f  s u c c e s s  h a s  b e e n  
a c h i e v e d  when t h i s  t y p e  o f  method h a s  b e e n  a p p l i e d  t o  t h e  
p r e d i c t i o n  o f  r a t i o  o f  p r o d u c t s  which  r e s u l t  f rom  s t e r e o ­
s e l e c t i v e  n u c l e o p h i l i c  a d d i t i o n s  t o  s t e r i c a l l y  h i n d e r e d
3 Uk e to n e s  9 ( s e e  F i g u r e  1 ) .
3
I n  Wipke and Gund*s method , t h e  t e rm  1s t e r i c
L i A I H
OH
o b s e r v e d  %
c a l c u l a t e d  % 20 80
F i g u r e  1 .  C o m p ar i so n  o f  t h e  o b s e r v e d  and c a l c u l a t e d  
s t e r e o s e l e c t i v i t y  f o r  t h e  r e d u c t i o n  o f  
2 - n o r b o r n a n o n e , a c o n g e s t e d  k e t o n e .
c o n g e s t io n *  a t  a r e a c t i o n  c e n t r e  r e f e r s  t o  t h e  s t e r i c  
e n v i ro n m en t  o f  t h e  i s o l a t e d  s u b s t r a t e  i n  i t s  ground  
s t a t e ,  and i s  i n d e p e n d e n t  o f  r e a c t i o n  p a r t n e r s  o r  
t r a n s i t i o n - s t a t e  s t r u c t u r e .  The te rm  * s t e r i c  h i n d r a n c e *  
r e f e r s  t o  s t e r i c  e n v i r o n m e n t  w i t h  r e s p e c t  t o  t h e  a p p ro a c h
-  1 8 8  -
o f  a s p e c i f i c  r e a c t i n g  p a r t n e r .  The Wipke and Gund 
method g e n e r a t e s  a cone  o f  p r e f e r r e d  a p p ro a c h  f o r  e a c h  
s t e r i c a l l y  h i n d e r i n g  atom and works i n  t h e  f o l l o w i n g  
way:
C o n s i d e r  a t t a c k  on a c a r b o n y l  g roup  by  a r e a g e n t  R whose 
s i z e  i s  c o n s i d e r e d  n e g l i g i b l e  ( F i g u r e  2 ) .  I f  t h e  r e a g e n t  
a t t a c k s  C a lo n g  a l i n e  p e r p e n d i c u l a r  t o  t h e  p l a n eJL,
c o n t a i n i n g  th e  c a r b o n y l  g ro u p ,  i t  w i l l  be  h i n d e r e d  by  
t h e  v a r i o u s  atoms i  above t h e  p l a n e .  A m easure  o f  e a c h  
a to m ’ s a b i l i t y  t o  h i n d e r  t h e  in co m in g  r e a g e n t  i s  i t s  v a n  
d e r  Waals r a d i u s  r ^ .  F o r  e a c h  h i n d e r i n g  atom i ,  a cone 
o f  p r e f e r r e d  a p p r o a c h ,  c e n t r e d  on  t h e  p e r p e n d i c u l a r  and 
t a n g e n t  t o  t h e  s p h e r e  o f  v a n  d e r  Waals  r a d i u s  r ^  s u r r o u n d i n g  
atom i ,  i s  d e f i n e d .  T h is  cone i n t e r s e c t s  a s p h e r e  o f  
u n i t  r a d i u s  c e n t r e d  on t h e  c a r b o n  C , t o  g e n e r a t e  a s o l i dA
a n g le  A The m ag n i tu d e  o f  t h i s  a n g le  i s  e q u a te d  w i t hX.£L •
th e  a c c e s s i b i l i t y  o f  t h e  c a r b o n  atom w i t h  r e s p e c t
• to  atom i .  I t  c a n  be s e e n  t h a t  l a r g e  s o l i d  a n g l e s  a r e  
found i n  s i t u a t i o n s  o f ,  h i g h  a c c e s s i b i l i t y  and c o n v e r s e l y ,  
a s m a l l  s o l i d  a n g le  i s  i n d i c a t i v e  o f  low a c c e s s i b i l i t y .
From s o l i d  g e o m e t ry :
Ax a ( i )  = 2TT(1“ 008 S ) *
The c o n g e s t i o n  a t  CY c a u se d  by  atom i  i s  d e f i n e d  as  th e
A
i n v e r s e  o f  t h e  a c c e s s i b i l i t y :
Cx a ( i )  = 1 /Ax a ( i )
The t o t a l  c o n g e s t i o n  a t  C i s  g e n e r a t e d  by  summing t h e  
i n d i v i d u a l  c o n g e s t i o n  te rm s  f o r  a l l  t h e  atoms above t h e
1
b
F ig u r e  2 ; Cone o f  p r e fe r r e d ,  approach  o f  r e a g e n t  R t o  c a r b o n  x  
d e f i n e d  b y  h i n d e r in g  atom i .  The a c c e s s i b i l i t y  o f  
x  on s i d e  a w i t h  r e s p e c t  t o  i_ i s  d e f i n e d  b y  t h i s  s o l i d  
a n g l e  and i s  n u m e r ic a l ly  eq u a l  t o  t h e  a r e a  on a 
u n i t  s p h e r e  c u t  by t h i s  con e  ( sh a d e d  a r e a  ) .
- 190 -
c a r b o n y l  p l a n e :
Cxa  “ ^  Cx a ( i )
The c a l c u l a t i o n  i s  t h e n  r e p e a t e d  f o r  a t t a c k  be low  t h e  p l a n e
o f  t h e  c a r b o n y l  g ro u p  t o  g iv e  . The p r e f e r r e d  d i r e c t i o n
o f  a t t a c k  o f  t h e  incom ing  r e a g e n t  i s  t h a t  w h ich  g i v e s  t h e
minimum v a l u e  o f  C. The p e r c e n t a g e  o f  p r o d u c t  r e s u l t i n g
t hfrom  a t t a c k  be low t h e  p l a n e  o f  t h e  j  c o n f o r m a t i o n ,  p ^
i s  g i v e n  b y :
C
Pgi  ~ ----- ££—
C + C . xa  xb
S i m i l a r l y ,  t h e  p e r c e n t a g e  o f  p r o d u c t  r e s u l t i n g  f rom  a t t a c k  
above th e  p l a n e  o f  t h e  j  c o n f o r m a t i o n ,  p ^  i s  g i v e n  b y :
PAj Cxb
Cxa + C xb
Angle 9 i s  e a s i l y  d e r i v e d :
' 9 = 90 -  01 -  ©2
A
where 9^ = sin )> <3i t i^e d i s t a n c e  o f  atom i
—1f rom t h e  c e n t r e  o f  a t t a c k ,  and 9^ = s i n  ( h ^ / d ^ ) ,  h i  i s  
t h e  d i s t a n c e  o f  atom i  above ( o r  be low )  t h e  p l a n e  o f  t h e  
c a r b o n y l  g r o u p ,
Wipke and Gund have  found  t h a t  t h e  c a l c u l a t e d  
c o n g e s t i o n s  do r e f l e c t  o b s e r v e d  s t e r e o s e l e c t i v i t i e s  i n  a 
s e m i - q u a n t i t a t i v e  manner and t h a t  s t e r i c  c o n t r o l  a p p e a r s  
t o  d o m in a te  when t h e  d i f f e r e n c e  i n  c o n g e s t i o n  o f  t h e  two 
s i d e s  i s  l a r g e  and t h e  l a r g e r  o f  t h e  two v a l u e s  i s  
g r e a t e r  t h a n  c a .3 0 *
I t  i s  n o t e w o r t h y  t h a t  r e s u l t s  f rom  t h i s  method may 
he i n a c c u r a t e  i n  c a s e s  where  t h e  s i z e  o f  r e a g e n t s ,  i n d u c t i v e  
e f f e c t s ,  t r a n s i t i o n - s t a t e  c o n f o r m a t i o n a l  e f f e c t s  o r
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equilibration of products are dominant factors in deter­
mining the stereoselectivity of a given reaction.
5.2 Prediction of the Stereoselectivity in the Hydro- 
boration of Hindered Cyclohexenes using Molecular 
Mechanics Calculations and Steric Congestion 
Calculations.
3
Wipke and Gund suggested that these types of 
congestion calculations may be extended to include 
electrophilic additions to double bonds by calculating 
the degree of steric crowding or congestion on each side 
of the mid-point of the double bond. However, in the 
case of hydroboration of an alkene, which involves a 
cis anti-Markovnikov addition of the B-H bond to the 
double bond of the olefin, the reaction does not therefore 
take place via reagent attachment to the mid-point of the 
double bond but through the four-centre transition 
state 1^.
1
It therefore appeared more realistic to adopt a two-fold 
attack on two atomic centres (see Figure 3) rather than 
a bond centred approach as the latter approach would 
imply that the double bond can be considered as 
infinitesimally small compared with the rest of the 
reagent-substrate complex. This appears to be too gross an
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approximation for general use and therefore it would "be 
preferable to treat this type of addition in terms of the 
sum of two atom centred congestions.
Figure 3* Simultaneous Attack on Two Atomic Centres.
The congestion function developed by V/ipke and
Gund was utilised in the SAUCE computer program, which
was written at the University of Glasgow by M.J. Bovill
and C.J. Gilmore and which has proved useful in the study
2
of electrophilic attack on nitrogen lone-pairs and 
hydroboration of hindered cyclohexenes , which will be 
discussed fully in this chapter.
The recent publication of results of a series of 
hydroboration/oxidation experiments on hindered 1,3,5- 
tri- and tetra- substituted alkylcyclohexenes^ provides 
reference data for testing the applicability of summed 
atom centred congestion ratio’s (SACK’S) in the prediction 
of the outcome of stereoselective additions to hindered 
double bonds since hydroboration is known to be sensitive 
to the balance of steric hindrance to the two faces of 
the double bond (see Figure 4 ).
vc: c
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Gordon and Robinson^ propose that the olefins 
2-^ and 6-2 (Tahle 1) strongly prefer the half-chair 
conformation jHD while, for olefin conformations 1C_ 
and 11^  are of comparative stability. These proposals 
are borne out by molecular mechanics calculations 
using the White-Bovill alkane/alkene force field, the 
development of which is described in Chapter 2. The 
results of these calculations on olefins 2 - 2  are given 
in Table 1 . Olefins 2 and 6-2 which adopt half-chair 
conformer 1_0 are found to be between 1 ,2 9 and 2 .^ 8 kcal/ 
mole more stable than when the same olefins adopt the other 
half-chair conformation (N.B. A difference in strain
energy of 1 , 2 9 kcal/mole corresponds to 90% of the more
-  1^4 -
Table 1. Results of Molecular Mechanics Calculations 
and Congestion Calculations
Rotamers which adopt half-chair conformation
10 11
bo Sso
45
29
26
U6
66
49
6 . 0 0
b j
6.78
28
5.37
5537
60
4.53 31 91 £ai2 21 3
5.40 15 91 5.36 16 94
i s Z 3 - -22 5.78 8 75
6 . 1 2
56
28
16
93
83
- 22.
7 .2 6
1 6 . 0 2  
6 . 1 2  
6.1 9
38
'32
30
58
41
38
7.70
4 .81 43 57 6 . 4 9
5.05 29 40
5 .0 6 28 52
S i l l
5.30
42
34
28
32
6.46
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Es j  d e n o t e s  t h e  s t e r i c  e n e r g y  ( i n  k c a l / m o l e )  o f  
t h e  c o n f o r m a t i o n .
x i d e n o t e s  t h e  p e r c e n t a g e  o f  c o n f o r m a t i o n  j J
amongst  t h e  v a r i o u s  p o s s i b i l i t i e s .
P-j3-j r e p r e s e n t s  t h e  p e r c e n t a g e  o f  p r o d u c t  r e s u l t i n g
t i lf rom  a t t a c k  he low  th e  p l a n e  o f  t h e  j  
c o n f o r m a t i o n .
The u n d e r l i n i n g  i s  u sed  t o  i n d i c a t e  t h e  most  
s t a b l e  r o t a m e r  o f  e a c h  ty p e  o f  h a l f - c h a i r  
c o n f o r m a t i o n  t h a t  t h e  o l e f i n  c a n  a d o p t .
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s t a b l e  c o n fo r m e r  b e i n g  p r e s e n t  i n  an  e q u i l i b r i u m  m ix t u r e  
a t  room t e m p e r a t u r e . )  I n  t h e  c a s e  o f  o l e f i n  t h e  
h a l f - c h a i r  c o n f o r m a t i o n  1_0 i s  c a l c u l a t e d  t o  be o n l y  0.22+ 
k c a l / m o l e  l o w e r  i n  p o t e n t i a l  e n e r g y  t h a n  t h e  h a l f - c h a i r  
c o n f o r m a t i o n  1J_. S in c e  o l e f i n s  2-l± and 6.-2 w i t h  h a l f -  
c h a i r  c o n f o r m a t i o n  1J_ a r e  b a r e l y  p r e s e n t ,  t h e y  a r e  n o t  
i n c l u d e d  i n  f u r t h e r  c o m p u t a t i o n s .
On a c c o u n t  o f  t h e  p r e s e n c e  o f  t h e  i s o p r o p y l  g roup
i n  e a c h  o f  t h e  o l e f i n s  2-%, i t  i s  n e c e s s a r y  t o  c o n s i d e r
e a c h  o f  t h e  t h r e e  r o t a m e r i c  s t a t e s  t h a t  t h e  i s o p r o p y l
g ro u p  c a n  assume i n  e a c h  o l e f i n .  M o le c u la r  m ec h an ic s
c a l c u l a t i o n s  i n d i c a t e  t h a t  e a c h  ro tam er ic  fo rm  o f  each
o l e f i n  i s  p r e s e n t  t o  an  a p p r e c i a b l e  e x t e n t  ( s e e  T a b le  1 )
and s i n c e  t h e  c o n g e s t i o n  r a t i o  w i l l  depend s t r o n g l y  upon
t h e  e x a c t  m o l e c u l a r  c o n f o r m a t i o n ,  i t  was c o n s i d e r e d  v i t a l ,
f o r  t h e  v a l i d i t y  o f  t h e  r e s u l t s ,  t h a t  t h e  SACR’s o f  each
r o t a m e r i c  s t a t e  o f  e a c h  o l e f i n  s h o u ld  be t a k e n  i n t o
a c c o u n t  when d e t e r m i n i n g  th e  o v e r a l l  SACR o f  e a c h  o l e f i n .
The r e s u l t s  o f  t h e  SACR c a l c u l a t i o n s  a r e  compared w i t h  t h e
e x p e r i m e n t a l  r e s u l t s  i n  T a b le  2 where  i s  c a l c u l a t e d  
n
f rom PT3=0.01 p u .x . w i t h  Pu . r e p r e s e n t i n g  t h e  p e r c e n t a g e  
■d nJ J
o f  p r o d u c t  r e s u l t i n g  f rom  a t t a c k  be low  t h e  p l a n e  o f  t h e
+ Vid c o n f o r m a t i o n  ( i . e .  a l t e r n a t i v e  h a l f - c h a i r s  a n d / o r
r o t a m e r s )  and x .  th e  p e r c e n t a g e  o f  c o n f o r m a t i o n  j  amongst
J
t h e  v a r i o u s  p o s s i b i l i t i e s .  The i n d i v i d u a l  PBj and Xj 
v a l u e s  f o r  e a c h  c o n f o r m a t i o n  a r e  g i v e n  i n  T a b le  1•
T a b le  2 .
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O bs . C a l c .
100 53
B
100 89
100  58 8
O bs . C a l c . 
65 80
3 5  U6
3 5  50
9 0  7 5 3 0  3 3
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5*3 D i s c u s s i o n
Prom T a b le  2 ,  i t  c a n  be s e e n  t h a t  t h e  c a l c u l a t e d  
v a l u e  o f  Pg c o r r e l a t e s  w e l l  w i t h  t h e  e x p e r i m e n t a l l y  
o b s e r v e d  s t e r e o s e l e c t i v e s  i n  t h e  h y d r o b o r a t i o n  o f  t h e s e  
h i n d e r e d  c y c l o h e x e n e s  i n  most c a s e s  -  f o r  o l e f i n s  2 and
5. -  2.f 'the c a l c u l a t e d  v a l u e  o f  Pg i s  w i t h i n  -  15% o f  t h e  
o b s e r v e d  v a l u e .  T h is  c o m p a r i s o n  i s  f a v o u r a b l e  when i t  i s  
t a k e n  i n t o  a c c o u n t  t h a t  e x p e r i m e n t a l  r e s u l t s ,  f rom  one 
l a b o r a t o r y  have  a s s o c i a t e d  e r r o r s  and d i f f e r  f rom  t h e  
r e s u l t s  f rom  d i f f e r e n t  l a b o r a t o r i e s .  In  o l e f i n s  2 and 
k> t h e  d i f f e r e n c e  i n  a b s o l u t e  c o n g e s t i o n  v a l u e s  o f  t h e  
two s i d e s  i s  n o t  l a r g e  (7 and 5 r e s p e c t i v e l y )  and th e  
l a r g e r  o f  t h e  two v a l u e s  i s  l e s s  t h a n  30 i n  b o t h  c a s e s ,  
w h ich  would be i n t e r p r e t e d  by  Wipke and Gund as  b e i n g  
due t o  s t e r i c  c o n t r o l  n o t  d o m i n a t i n g .  T o r s i o n a l  e f f e c t s
3
i n  t h e  s u b s t r a t e - r e a g e n t  complex  c a n  be  i m p o r t a n t  , b u t ,  
i n  t h e  c a s e  o f  2 and k> would f a v o u r  t h e  r e v e r s e  s t e r e o s e l ­
e c t i v i t y  t o  t h a t  o b s e r v e d .  F u r t h e r m o r e ,  s i n c e  t h e  m a jo r  
p r o d u c t s  o f  t h e  h y d r o b o r a t i o n  o f  o l e f i n s  2 ~ 2. a r e  t *ie l e s s  
s t a b l e  p o s s i b l e  p r o d u c t s  and o l e f i n s  an(3 5. a l s o  p ro d u c e  
s i g n i f i c a n t  amounts  o f  t h e  l e s s  s t a b l e  p r o d u c t s ,  t h i s  
would im p ly  t h a t  t h e  t r a n s i t i o n  s t a t e  i n  t h e s e  r e a c t i o n s  
c l e a r l y  r e s e m b l e s  t h e  s t a r t i n g  m a t e r i a l s  ( o l e f i n s )  r a t h e r
t h a n  t h e  p r o d u c t s  and t h a t  t h i s  r e a c t i o n  i s  g o v e rn e d  by
9
’s t e r i c  a p p r o a c h  c o n t r o l 1 r a t h e r  t h a n  p r o d u c t  d e v e lo p m e n t  
c o n t r o l  ( i . e .  where  t h e  more t h e r m o d y n a m i c a l l y  s t a b l e  
p r o d u c t  i s  p r e f e r e n t i a l l y  f o r m e d ) .  * t  i s  t h e r e f o r e  
d i f f i c u l t  t o  e n v i s a g e  r e a c t i o n s  o f  o l e f i n s  £  -  k  b e i n g
-  2 0 0  -
c o n t r o l l e d  d i f f e r e n t l y  as  a l l  t h e  r e a c t i o n s  a r e  m e c h a n i s t ­
i c a l l y  v e r y  s i m i l a r .  T h is  t h e n  p o i n t s  t o  t h e  f a c t  t h a t  
t h e  r e a s o n  f o r  t h e  p o o r  r e s u l t s  i n  t h e  c a s e  o f  2 and l i e  
w i t h  t h e  g round  s t a t e  c o n g e s t i o n  a l g o r i t h m  o r  w i t h  some 
o t h e r  f a c t o r  w h ich  h a s  "been so f a r  n e g l e c t e d .  One su c h  
f a c t o r  may he  t h e  i n d u c t i v e  e f f e c t  o f  t h e  a l k y l  g r o u p .
I n  t h e  h y d r i d e  r e d u c t i o n  o f  3 - a l k y l  h i c y c l o  ( 2 . 2 . 2 )  o c t a n -  
2 - o n e s , (1 2 ) ,  (R=I.de,Et j P r 1 ) t h e r e  i s  an  u n e x p e c t e d l y  l a r g e
12
HO
13 14
p r o p o r t i o n  o f  t r a n s  a l c o h o l  (lj±.) formed i n  t h e  r e a c t i o n ,
. i o
e s p e c i a l l y  when I ^ P r 1 , i n  c o n f l i c t  w i t h  c h e m ic a l  
i n t u i t i o n  and t h e o r e t i c a l  c a l c u l a t i o n s .  T h is  h a s  h e e n  
a t t r i b u t e d  t o  an  a n i s o t r o p i c  i n d u c t i v e  e f f e c t  o f  t h e  a l k y l  
g r o u p s ,  w h ich  l e a d s  t o  an a n o m a lo u s ly  h i g h  r a t e  o f  a t t a c k  
from t h e  more h i n d e r e d  s i d e  ( i . e .  t h e  a l k y l  s i d e )  o f  t h e  
o f  t h e  c a r b o n y l  g r o u p .  I n  t h e  c a s e  o f  t h e  h y d r o b o r a t i o n  
( e l e c t r o p h i l i c  r e a c t i o n )  o f  o l e f i n s ,  i t  i s  c o n c e i v a b l e  
t h a t  t h e r e  i s  a s i m i l a r  f a c t o r  o p e r a t i n g .  The i n d u c t i v e  
e f f e c t  o f  t h e  e l e c t r o n - r e l e a s i n g  g ro u p s  ( m e th y l  and i s o ­
p r o p y l )  i s  . a l s o  a n i s o t r o p i c  and t h a t  t h i s  e f f e c t  i s  
a c t i v a t i n g  on t h e  s i d e  o f  t h e  d o u b le  bond rem o te  f rom  t h e
s u b s t i t u e n t s  H0 and Rc i n  o l e f i n s  2 -  U. T h i s  would 
* ? ~
a c c o u n t  f o r  t h e  h i g h  s t e r e o s e l e c t i v i t y  o f  o l e f i n s  2 -  i . .
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T h is  a n i s t r o p i c  i n d u c t i v e  e f f e c t ,  ( i f  p r e s e n t )  would a p p e a r  
t o  e x e r t  a r e l a t i v e l y  weak i n f l u e n c e ,  s i n c e  i n  o l e f i n s  ^  -  
w h ich  c o n t a i n  an a x i a l  R^ o r  an a x i a l  R^ g ro u p  and a r e  
t h e r e f o r e  c o n g e s t e d  on th e  s i d e  o f  t h e  d o u b le  bond rem ote  
f rom  R£ and R^ g r o u p s ,  ’s t e r i c  a p p ro a c h  c o n t r o l 1 once 
a g a i n  d o m i n a t e s .
W h a tev e r  t h e  r e a s o n  f o r  t h i s  f a i l u r e  i n  t h e  p r e d i c t i o n s ,
t h e  SACR’s c a l c u l a t i o n s  l e n d  s u p p o r t  t o  Gordon and
R o b i n s o n ’ s h y p o t h e s i s  t h a t  t h e  h i g h  s t e r e o s e l e c t i v i t y
shown by  2. -  i s  due t o  t h e  e f f e c t  o f  t h e  R^ h i n d e r i n g
a t t a c k  f rom th e  u p p e r  f a c t  o f  t h e  d o u b le  bo n d ,  o n l y  when
Rc i s  an i s o p r o p y l  g ro u p  ( a s  i n  3) and n o t  when Rc i s  a 
0 0
m e th y l  g rou p  ( a s  i n  2 and i ^ ) .
I n  c o n c l u s i o n ,  t h e  c o n g e s t i o n  f u n c t i o n  i s  r e l i a b l e  
i n  p r e d i c t i n g  t h e  s t e r e o s e l e c t i v i t y  o f  h i n d e r e d  c y c l o -  
h e x e n e s  when t h e  d i f f e r e n c e  i n  t h e  c o n g e s t i o n  o f  t h e  two 
s i d e s  i s  g r e a t e r  t h a n  a b o u t  10 and th e  l a r g e r  o f  t h e  two 
v a l u e s  i s  g r e a t e r  t h a n  a b o u t  3 0 .  F u r t h e r m o r e ,  t h i s  
method r e q u i r e s  o n l y  s m a l l  amounts  o f  co m p u te r  t im e  as  
e a c h  SACR c a l c u l a t i o n  f o r  one o l e f i n  t a k e s  o n l y  C.25 
s e c o n d .  I n  c a s e s  where  s t e r i c  c o n t r o l  d oes  n o t  d o m in a t e ,  
a more complex  a p p ro a c h  i s  o b v i o u s l y  r e q u i r e d .  One su c h  
a p p r o a c h  i n v o l v e s  t h e  c o n s t r u c t i o n  o f  m odels  o f  c h a i r ­
l i k e  and t w i s t - l i k e  t r a n s i t i o n  com plexes  ( s i n c e  i t  i s  
i m p o s s i b l e  t o  deduce  th e  c o n f o r m a t i o n  o f  t h e  t r a n s i t i o n  
s t a t e  f rom  t h e  p r o d u c t s )  o f  a lk y l c y c l o h e x e n e / B H ^  f o l l o w e d
by f u l l  r e l a x a t i o n  e n e r g y  m i n i m i s a t i o n  o f  t h e  complex
o
k e e p i n g  a B-H v e c t o r  l o c k e d  p a r a l l e l  t o  a n d ,  s a y  1 *5A
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a b o v e ,  t h e  d o u b le  bond^ i n  one c a s e ,  and th e  same d i s t a n c e  
be low  i n  t h e  o t h e r .  The r a t i o  o f  p r o d u c t s  would t h e n  
be e s t i m a t e d  f rom  t h e  c a l c u l a t e d  e n e r g y  d i f f e r e n c e  
b e tw e e n  th e  model c o m p le x e s .  T h is  a p p ro a c h  a l l o w s  t h e  
s u b s t r a t e  t o  r e l i e v e  and s p r e a d  th e  s t r a i n  in d u ce d  by 
r e a g e n t  a p p ro a c h  and would i n c l u d e  t o r s i o n a l ,  d i p o l a r ,  
s o l v e n t ,  e n t r o p i c  and r e a g e n t  s i z e  e f f e c t s  as  w e l l  as 
i l l u m i n a t i n g  t h e  n a t u r e  o f  t h e  t r a n s i t i o n  co m p lex .
-  2 0 3  -
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CHAPTER SIX
The c o r r e l a t i o n  o f  Raman o p t i c a l  a c t i v i t y  
i n  m e t h y l  t o r s i o n  modes w i t h  m o l e c u l a r  
m e c h a n ic s  c a l c u l a t i o n s  o f  c h i r a l  h i n d e r i n g  
p o t e n t i a l s .
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6.1  I n t r o d u c t i o n
A m o le c u le  i s  s a i d  t o . b e  o p t i c a l l y  a c t i v e  i f  i t  
r o t a t e s  t h e  p l a n e  o f  p o l a r i z a t i o n  o f  a l i n e a r l y  p o l a r i z e d  
l i g h t  beam. T h i s  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  an  
o p t i c a l l y  a c t i v e  medium h a s  d i f f e r e n t  r e f r a c t i v e  i n d i c e s  
f o r  l e f t  and r i g h t  c i r c u l a r l y  p o l a r i z e d  l i g h t ,  t h a t  i s  
r i g h t  and l e f t  c i r c u l a r l y  p o l a r i z e d  l i g h t  t r a v e l  t h r o u g h  
t h e  medium a t  d i f f e r e n t  s p e e d s .  The n e c e s s a r y  and 
s u f f i c i e n t  c o n d i t i o n  f o r  a m o le c u le  to  show o p t i c a l  
a c t i v i t y  i s  t h a t  s u c h  a m o le c u le  s h o u ld  n o t  be s u p e r -  
im p o s a b le  w i t h  i t s  m i r r o r  image i . e .  when a m o le c u le  h a s  
no e l e m e n t s  o f  symmetry  o r  h a s  o n l y  a s i m p le  a x i s  o f  
sym m etry .  C o n v e r s e l y ,  a m o le c u le  t h a t  h a s  a p l a n e  o f  
sym m etry ,  a c e n t r e  o f  symmetry o r  an  a l t e r n a t i n g  a x i s  o f  
sym m etry ,  i s  s u p e r i m p o s a b l e  w i t h  i t s  m i r r o r  image and 
o p t i c a l l y  i n a c t i v e .
S i n c e  a b o u t  1955, c h i r o p t i c a l  e f f e c t s  ( e f f e c t s  
upon l i g h t  p a s s i n g  t h r o u g h  an o p t i c a l l y  a c t i v e  medium) 
i . e .  o p t i c a l  r o t a t o r y  d i s p e r s i o n  (CRD) and c i r c u l a r  
d i c h r o i s m  (CD) have  b e e n  o f  g r e a t  v a l u e  a s  a p ro b e  o f  
c h i r a l i t y  i n  s t e r e o c h e m i c a l  s t u d i e s  o f  m o le c u l e s  c o n t a i n i n g  
a chrom ophore  w h ich  a b s o r b s  i n  a r e a d i l y  a c c e s s i b l e  r e g i o n  
o f  t h e  u l t r a - v i o l e t  and w h ich  h a s  a low e x t i n c t i o n  
c o e f f i c i e n t •
R e c e n t l y ,  c o m p le te  v i b r a t i o n a l  o p t i c a l  a c t i v i t y  
s p e c t r a  o f  c h i r a l  m o le c u l e s  have  b e e n  o b t a i n e d  f rom  a
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s m a l l  d i f f e r e n c e  i n  t h e  i n t e n s i t y  o f  Raman s c a t t e r e d
l i g h t  i n  r i g h t  and l e f t  c i r c u l a r l y  p o l a r i z e d  i n c i d e n t  
1 -5l i g h t  . T h is  t e c h n i q u e  i s  p o t e n t i a l l y  more p o w e r f u l  
t h a n  ORD and CD, s i n c e  e v e r y  p a r t  o f  a m o le c u le  
c o n t r i b u t e s  t o  a v i b r a t i o n a l  s p e c t r u m ,  w h ich  i s  t h e r e f o r e  
c o n s i d e r a b l y  r i c h e r  i n  s t r u c t u r a l  i n f o r m a t i o n  t h a n  t h e  
v i s i b l e  o r  n e a r  u l t r a v i o l e t  p a r t  o f  an  e l e c t r o n i c  s p e c t r u m .  
The r e l e v a n t  e x p e r i m e n t a l  q u a n t i t y  i n  m easu rem en ts  o f  
R a y l e i g h  and Raman o p t i c a l  a c t i v i t y  i s  t h e  d i m e n s i o n l e s s  
c i r c u l a r  i n t e n s i t y  d i f f e r e n t a l  (CID).
A = ( I E -  I L ) /  ( I R + I L ) ( 1 ) .
R Lwhere  I  and I  a r e  t h e  s c a t t e r e d  i n t e n s i t i e s  i n  r i g h t  
and l e f t  c i r c u l a r l y  p o l a r i z e d  l i g h t .
The l a r g e s t  Raman CIDf s a r e  u s u a l l y  found  i n  
m o le c u l e s  w i t h  r i g i d ,  t w i s t e d  s k e l e t o n s  e . g .  oC - p i n e n e .  
S in c e  m i r r o r - i m a g e  i s o m e r s  g i v e  i d e n t i c a l  o p t i c a l  
. ' a c t i v i t y  s p e c t r a  b u t  w i t h  r e v e r s e d  s i g n s ,  as  i l l u s t r a t e d  
i n  F i g u r e  1 ,  i t  i s  u s u a l l y  b e s t  t o  r u n  t h e  two i so m e rs  t o  
have  c o n f i d e n c e  i n  t h e  m a r g i n a l  e f f e c t s ;  b u t  f o r  t h e  
l a r g e r  e f f e c t s ,  a s i n g l e  i s o m e r  s u f f i c e s .
A l th o u g h  t h e  i n t e r p r e t a t i o n  o f  d e p o l a r i z e d  Raman 
CID s p e c t r a  i s  s t i l l  i n  i t s  i n f a n c y ,  i t  h a s  b e e n  e s t a b ­
l i s h e d  t h a t  c h i r a l  o r g a n i c  m o le c u l e s  c o n t a i n i n g  m e th y l  
g r o u p s  o f t e n  show l a r g e  o p t i c a l  a c t i v i t y  i n  b r o a d ,  weak 
d e p o l a r i z e d  Raman bands  b e tw e e n  200 and 300 cm t h a t  
o r i g i n a t e  i n  m e th y l  t o r s i o n  modes o f  v i b r a t i o n ^ .  I t  h a s
-  2 0 7  -
F i g u r e  l ( a ) : Part  o f  t h e  Ptaman CID s p e c t r a  o f  t h e  two enantiorr.ers  o f  
t a r t a r i c  a c i d  *
OCO <0
o
ZT + ZT i a a1 2I - ZI1 A d A
SINnOO NOiOHd
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.}■ (~k).: P ar t  o f  t h e  Raman CID spectrum  o f  (-)c<- p h e n y l  e t h y l  am ine .
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F i g u r e  1 (~b) : P a r t  o f  t h e  Raman CIO spectrum  o f  ( + ) o ( - p h e n y l e t h a n o l  •
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"been s u g g e s t e d ^  t h a t  t h i s  Raman o p t i c a l  a c t i v i t y  c a n  he 
c o r r e l a t e d  w i t h  t h e  c h i r a l  p a r t  o f  t h e  e l e c t r o n i c  
p o t e n t i a l  h a r r i e r  h i n d e r i n g  th e  r e l a t i o n  o f  t h e  m e th y l  
g ro u p  and as  s u c h  i t  c o u ld  p r o v i d e  a n o v e l  a p p ro a c h  t o  
c o n f o r m a t i o n a l  a n a l y s i s  and t o  t h e  a s s ig n m e n t  o f  a b s o l u t e  
c o n f i g u r a t i o n  o f  c h i r a l  m o l e c u l e s .
The d o m inan t  p a r t  o f  t h e  t h r e e - f o l d  p o t e n t i a l
h a r r i e r  t h a t  h i n d e r s  t h e  r o t a t i o n  o f  t h e  m e th y l  g ro u p  
8h a s  t h e  form
V(e) = i  V (1 -  c o s  30) (2 )
where  V-. i s  t h e  h a r r i e r  and 9 i s  t h e  t o r s i o n  a n g l e  w i t h
j
t h r e e  e q u i v a l e n t  e q u i l i b r i u m  v a l u e s  0 ° ,  120°  and 2 ^ 0 ° .
I n  t h e  p e r t u r b e d  ha rm o n ic  o s c i l l a t o r  a p p r o x i m a t i o n
a p p r o a c h ,  i t  i s  s u g g e s t e d  t h a t  t h e  b a r r i e r  i n  a c h i r a l
3m o le c u le  c a n  be w r i t t e n
V ( e )  = (1 -  c o s  30) -  V31 s i n  30 (3 )
■The s e co n d  t e r m ,  V ,  s i n  has  t h e  e f f e c t  o f  d i s p l a c i n g
j
t h e  p o s i t i o n s  o f  t h e  maxima and minima t o  one s i d e  o r  t h e  
o t h e r  o f  t h e  s y m m e t r i c a l  p o s i t i o n  ( F i g u r e  2 ) ,  so  t h a t ,  i n  
an e q u i l i b r i u m  p o s i t i o n ,  t h e  m e th y l  g ro u p  and th e  
h i n d e r i n g  g ro u p s  now c o n s t i t u t e  a c h i r a l  s t r u c t u r e  w i t h  
a b s o l u t e  c o n f i g u r a t i o n  d e p e n d in g  on t h e  s e n s e  o f  
d i s p l a c e m e n t •
I n  a d d i t i o n ,  u s i n g  t h e  e l e m e n t a r y  t h e o r y  o f  t h e  o n e ­
d i m e n s i o n a l  h a rm o n ic  o s c i l l a t o r ,  t h e  b a r r i e r  h e i g h t  o u g h t
-c
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0
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Zj-fture 2 : The g e n e r a t io n  o f  c h i r a l  t h r e e f o l d  p o t e n t i a l  b a r r i e r s .
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.  , 8  t o  be
V3 ( e r g )  = |  TT 2 C 2 Vt 2 I r  (!+)
— A
where  i s  t h e  t o r s i o n  f r e q u e n c y  i n  cm and I r  i s  th e  
r e d u c e d  moment o f  i n e r t i a  f o r  t h e  i n t e r n a l  r o t a t i o n .
T h i s  f r e q u e n c y  c o r r e l a t i o n  i s  n o t  e x p e c te d  t o  be  r e l i a b l e  
b e c a u s e  i t  h a s  b e e n  assumed t h a t  t h e  m e th y l  t o r s i o n  d e e s  
n o t  c o u p le  w i t h  o t h e r  modes,  w h ic h  i s  p r o b a b l y  n o t  a 
good a p p r o x i m a t i o n  i n  low -sym m etry  m o l e c u l e s .
The f i r s t  two t e rm s  i n  t h e  s e r i e s  e x p a n s i o n  o f  
t h e  c h i r a l  b a r r i e r  (3 )  a r e
v(e) = 9/ h v3 92 i  3 v31 e ( 5 )
The p r e s e n c e  o f  t h e  t e rm  l i n e a r  i n  9 means t h a t  
( d v / £ e ) e  = 0 so  e  = 0 i s  no l o n g e r  t h e  e q u i l i b r i u m
p o s i t i o n :  i n  f a c t  i f  9 = Oe i s  now t h e  e q u i l i b r i u m  
p o s i t i o n ,  t h e n
V31 = + 3/ 2 v3 6 e  (6)
-where i s  t h e  a m p l i t u d e  o f  t h e  sym m etr ic  p a r t  o f  t h e
A
e l e c t r o n i c  p o t e n t i a l  b a r r i e r ,  i s  t h e  a m p l i t u d e  o f  
t h e  ch ira l  p a r t  o f  t h e  e l e c t r o n i c  p o t e n t i a l  b a r r i e r  and 
Qe i s  t h e  d i s p l a c e m e n t  o f  t h e  e q u i l i b r i u m  p o s i t i o n  o f  
t h e  m e th y l  g ro u p  from t h e  sy m m etr ic  p o s i t i o n . V ^ e  
th u s  g i v e s  a m easure  o f  t h e  c h i r a l  p a r t  o f  t h e  b a r r i e r  
and i s  t h u s  p r o p o r t i o n a l  t o  t h e  m e th y l  t o r s i o n  Raman 
o p t i c a l  a c t i v i t y .
At t h i s  s t a g e , ,  m o l e c u l a r  m e c h an ic s  (MM) c a l c u l ­
a t i o n s  were  employed t o  o b t a i n  t h e  c h i r a l  p a r t s  o f  t h e
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e l e c t r o n i c  p o t e n t i a l  b a r r i e r s  h i n d e r i n g  t h e  m e th y l  
t o r s i o n  i n  s e v e r a l  m o l e c u l e s ,  w i t h  t h e  hope t h a t  i t  
would p ro v e  p o s s i b l e  t o  o b t a i n  a c o r r e l a t i o n  b e tw e e n  th e  
o b s e r v e d  m e th y l  t o r s i o n  Raman o p t i c a l  a c t i v i t y  and t h e  
s i g n  and m ag n i tu d e  o f  V^Ge s u p p l i e d  by  t h e  MM c a l c u l ­
a t i o n s  •
6 . 2  M o l e c u l a r  Mechanics  C a l c u l a t i o n s
The W h i t e - B o v i l l  a l k a n e / a l k e n e  f o r c e  f i e l d
Q A Q
(WBFF) and t h e  m i n i m i s a t i o n  p r o c e d u r e  , w h ich  v/ere
d i s c u s s e d  i n  C h a p t e r  2 ,  were  u sed  i n  t h e  MM c a l c u l a t i o n s .
S in c e  ( + ) - 3 - m e t h y l c y c l o p e n t a n o n e  and ( + ) - 3 - m e t h y l c y c l o -
hexanone  c o n t a i n  a c a r b o n y l  g r o u p ,  i t  was n e c e s s a r y  to
r e p r e s e n t  the^>C = 0 as  a >^C = CH^ i n  t h e  WBFF, w h ich  i s
11c o n s i d e r e d  t o  p r o v i d e  a s u i t a b l e  model  • I n  t h e  c a s e
o f  ( + ) - c a r v o n e ,  w h ich  was i n c l u d e d  i n  t h e  l a t e r  s t a g e s  o f
1 2t h e  c a l c u l a t i o n s ,  a c a r b o n y l  f o r c e  f i e l d  w h ich  was 
b a s e d  on t h e  WBFF, was u s e d .
F o r  e a c h  o f  t h e  m o le c u l e s  o f  i n t e r e s t ,  a l l  p o s s i b l e
c o n f o r m a t i o n s  were  b u i l t  and m in im ised  u n t i l  t h e  f i r s t
d e r i v a t i v e s  o f  t h e  p o t e n t i a l  e n e r g y  w i t h  r e s p e c t  t o  t h e
“ 9c a r t e s i a n  c o - o r d i n a t e s  were  l e s s  t h a n  10 k c a l / m o l e  to  
e n s u r e  a c r e d i b l e  and r e p r o d u c i b l e  minimum e n e r g y  
g e o m e t r y .  I n  e v e r y  m o le c u le  e x c e p t  ( + ) - 3 - m e t h y l c y c l o -  
p e n t a n o n e ,  i t  was fo u nd  t h a t  t h e r e  was o n l y  one m a jo r  
c o n f o r m a t i o n  p r e s e n t .  F o r  ( + ) - 3 - n i e t h y l c y c l o p e n t a n o n e ,
MM c a l c u l a t i o n s  i n d i c a t e d  t h a t  two c o n f o r m a t i o n  were  
s i g n i f i c a n t l y  p o p u l a t e d  a t  room t e m p e r a t u r e  -  70% o f  t h e
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h a l f - c h a i r  c o n f o r m a t i o n  w i t h  t h e  m e th y l  i n  an e q u a t i o n a l  
p o s i t i o n  and 30% o f  t h e  h a l f - c h a i r  w i t h  t h e  m e th y l  i n  an  
a x i a l  p o s i t i o n .  The r e s u l t s  f o r  (+) - 3 - m e t h y l - c y c l o -  
p e n t a n o n e  i n  T a b le  1 c o r r e s p o n d  t o  t h e  B o l tz m a n n -w e ig h te d  
mean o v e r  t h e  two c o n f o r m e r s •
E n e rg y  mapping o f  t h e  m e th y l  r o t a t i o n s  t h r o u g h  
o o120 i n  10 s t e p s ,  i n  a l l  compounds,  was a c c o m p l i s h e d
1 3by  means o f  t h e  Wiberg-Boyd a l g o r i t h m  . The r e s u l t i n g  
p o t e n t i a l  e n e r g y  p r o f i l e  V(9) f o r  ( + ) - 3 - m e t h y l c y c l o -  
hexanone  i s  p l o t t e d  i n  F i g u r e  3* In a d d i t i o n ,  t h e  V(©) 
i s  s u b t r a c t e d  f rom  t h e  sym m etr ic  p o t e n t i a l  b a r r i e r  
^ V ^ ( l - c o s3 © )  and th e  r e s u l t a n t  i s  p l o t t e d  as  a f u n c t i o n  
of 9 i n  F i g u r e  3* I t  c a n  be  s e e n  t h a t  t h e  c h i r a l  p a r t  o f  
t h e  p o t e n t i a l  b a r r i e r  does  in d e e d  h ave  t h e  form  s i n  3©> 
as s u g g e s t e d  by  e q u a t i o n  3*
T a b le  1 l i s t s  t h e  c a l c u l a t e d  d i s p l a c e m e n t  9e o f  
th e  e q u i l i b r i u m  p o s i t i o n  o f  t h e  m e th y l  g ro u p s  f rom t h e  
’Symmetr ic  p o s i t i o n  i n  t h e  s e r i e s  o f  m o le c u l e s  b e i n g  
s t u d i e d ,  t o g e t h e r  w i t h  t h e  c a l c u l a t e d  h e i g h t  o f  t h e  
c o m p le te d  b a r r i e r  w h ich  we t a k e ,  f o r  s i m p l i c i t y ,  t o  be 
V^. A p o s i t i v e  9e c o r r e s p o n d s  t o  a c l o c k w i s e  d i s p l a c e m e n t  
when v iew ed  a lo n g  t h e  t h r e e f o l d  a x i s  o f  t h e  m e th y l  g ro u p  
to w a rd s  t h e  h i n d e r i n g  s t r u c t u r e  and t o  n e g a t i v e  Raman 
o p t i c a l  a c t i v i t y  and v i c e  v e r s a .  I n  t h e  c a s e  o f  (+)-3- 
m e t h y l c y c l o p e n t a n o n e , i t  i s  t h e  l e s s  s t a b l e  i s o m e r  t h a t  
shows t h e  l a r g e s t  c h i r a l  p a r t  o f  t h e  h i n d e r i n g  p o t e n t i a l  
and t h u s  d o m in a t e s  t h e  m e th y l  t o r s i o n  Raman o p t i c a l  
a c t i v i t y .
-  2 1 5  -
Zi&ure 1 : The c a l c u l a t e d  p o t e n t i a l  e n e r g y  p r o f i l e  V(©>) ( s o l i d  l i n e )
f o r  r o t a t i o n  o f  t h e  m e t h y l  group i n  ( + ) - 3 -  m e t h y l -  
c y c l o h e x a n o n e .  The minimum i s  a t  5 8 .6 4  and t h e  
h a r r i e r  h e i g h t  V . , ( c a l c . )  i s  2 . 5 1  k c a l . / m o l e .  The broken  
. l i n e  shows t h e  r S s i d u a l  -J -V^(calc . ) ( l + c o s  3 £ ) - V ( & ) .
-  216 -
« a • +
• a t
n r r► M H
X 3  2
<  o  o
C  2  Z  
z rum 
m z z
a a a
2 C4 Cm
to a a2 2 3 
h i m  m  2-4-4 O X I
<fl r» W
0 X 0 )  "B WO X Z U 
C O X
X o n  2  D
H H z  
TO X  -<
~  o  o
X  -< -< ♦H O O
z  to to
o o o
31 Xi m m  m z  x
x
-<
► z
2  G
r- o z w z  m 
m
TO TO
X
-<
X
-<
a t  a
©Ww*- S w • • • • • •N U U U I O ^  >4 4k
fi S M N N  
•  •  •  «  ••  o iu a iu i
« t O N  « * -
M l  Ia »***y ® u
t i w a o i o i  •  «  •**,**
X —1
o >
to cr
TO to
O TO
c
TOm •
O X
X c*-« to
X  TO*►r»
to CT
X
TO
!►
o X
to
TO X
n TO
c O
to X
TO ►
CD 2
• w
O
O
09
O
»■
~ 4
*>
TO
O
X
TO
-4
X® X
TO TO
TO
CD X
X
TO 
—«
X
o -<
>- TO
TO
O
X
O o
to c
TO TO
<C
•-*
zCO
A >•
(D
>  3BCD
« •TO
Xn  > h
H X O TO
H » z ca
«<■ z
w  O o-4 O TO TO■< TO
-«  OH 0O Cft>> TO
r~ x
TOO
- 217 -
Figure 4 R LThe d e p o l a r i z e d  Rojno.11 c i r c u l a r  i n t e n s i t y  sum (i^ + I x
R L z z )
and d i f f e r e n c e  ( i   ^ -  I s p e c t r a  o f  n e a t  ( + ) - 3 - m e t h y l -
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Figure 5 • The depo lar ized  Raman c i r c u l a r  i n t e n s i t y  cum and d i f f e r e n c e
sp ec tra  o f  neat ( + ) -3 -methylcyclopentanone.
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Figure 6 : The depolarized. Raman c i r c u l a r  i n t e n s i t y  sura and d i f f e r e n c e
sp ec tra  o f  (- )-menthone d i l u t e d . w i t h  about 30^ methanol.
CHjOH
— r
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Figure 7 : The depo lar ized  Raman c i r c u l a r  i n t e n s i t y  sum and d i f f e r e n c e
sp ec tra  o f  ( - ) -menthol.
ch3oh
CHjOH
-  221 -
Figure 8 : The d epo lar ized  Raman c i r c u l a r  i n t e n s i t y  sum and d i f f e r e n c e
sp ec tra  o f  neat ( - ) -m en th y l  chloride*
i *
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Figure 9: The dep o la r ized  Raman c i r c u l a r  i n t e n s i t y  sum and d i f f e r e n c e
sp ec tra  o f  neat ( - ) - i s o p u l e g o l .
:?■
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Figure 1 0 : The d epo lar ized  Raman c i r c u l a r  i n t e n s i t y  sum and d i f f e r e n c e
sp ectra  o f  neat ( - ) - l im o n e n e .
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Figure 11: The depo lar ized  Raman c i r c u l a r  i n t e n s i t y  sum and d i f f e r e n c e
sp ec tra  o f  neat (+)-carvone*
c
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I n  p r a c t i c e ,  h ow e v e r ,  i t  has  "been found  t h a t  t h e  
o n l y  method w h ich  g i v e s  a r e l i a b l e  m easure  o f  9e (and t h u s  
t h e  a b s o l u t e  c o n f i g u r a t i o n  o f  c h i r a l  m o l e c u l e s )  i s  MM 
c a l c u l a t i o n s  as  t h e y  t a k e  a c c o u n t  o f  a l l  t h e  s t e r i c  
i n t e r a c t i o n s  i n  a m o le c u le  and m in im ise  t h e  e n e r g y  w i t h  
r e s p e c t  t o  t h e  g e o m e t r y .  M oreover ,  MM c a l c u l a t i o n s  can  
a s s e s s  t h e  r e l a t i v e  p r o p o r t i o n  o f  i s o m e rs  t h a t  compose an 
e q u i l i b r i u m  m ix t u r e  o f  a c h i r a l  m o l e c u l e .  M o le c u la r  models 
a r e  i n e f f e c t i v e  i n  t h e  d e r i v a t i o n  o f  t h e s e  two f e a t u r e s  
o f  c h i r a l  m o l e c u l e s .
6.3 Discussion
I t  c a n  be  s e e n  f rom T ab le  1 and f rom  F i g u r e s  4 , 5 ,
7 ,1 0  and 1 1 ,  t h a t  i n  a l l  m o le c u l e s  s t u d i e d ,  t h e r e  i s  a 
s t r o n g  c o r r e l a t i o n  b e tw e e n  th e  s i g n  o f  V^9e,  w hich  i s  o b t a i n e d  
f rom MM c a l c u l a t i o n s  and t h e  s i g n  o f  t h e  c o r r e s p o n d i n g  
m e th y l  t o r s i o n  CIDs.  T here  i s  o n l y  an  a p p ro x im a te  c o r r e ­
l a t i o n  b e tw e e n  t h e  m a g n i tu d e s  o f  V^9e and t h e  c o r r e s ­
p o n d in g  m a g n i tu d e s  o f  t h e  CIDs b u t  t h i s  i s  d u e ,  i n  p a r t ,  t o  
t h e  f a c t  t h a t  Raman i n t e n s i t i e s  a r e  n o t  s t a n d a r d i z e d .  As 
a n t i c i p a t e d ,  t h e  c o r r e l a t i o n  b e tw e e n  f r e q u e n c y  o f  t h e  m e th y l  
t o r s i o n  band and th e  b a r r i e r  h e i g h t ,  Vy as  im p l i e d  by  
e q u a t i o n  4 ,  i s  n o t  r e p r o d u c e d  by  t h e  MM c a l c u l a t i o n s .
A l th o u g h  t h e  a s s ig n m e n t  o f  most Raman b a n d s  i s  
s t i l l  t e n t a t i v e ,  t h e  t o r s i o n  modes o f  m e t h y l  g ro u p s  
a t t a c h e d  t o  s a t u r a t e d  r i n g  sy s te m s  c a n  be  a s s i g n e d  w i t h  a 
c e r t a i n  d e g r e e  o f  c o n f i d e n c e  a s  t h e y  a r e  u s u a l l y  b ro a d
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and weak ,  and o c c u r  b e tw e e n  200 and 300 cm . I n  t h e  
Raman s p e c t r u m  o f  ( + ) - 3 - m e t h y l c y c lo h e x a n o n e  ( F i g u r e  k)
A
t h e  b r o a d ,  weak band a t  a b o u t  260 cm p r o b a b l y  o r i g i n a t e s  
i n  t h e  m e th y l  t o r s i o n .  I n  a s i m i l a r  way, t h e  band a t  
290 cm i n  ( + ) - 3 - m e t h y l - c y c l o p e n t a n o n e  ( F i g u r e  5 ) i s  
a s s i g n e d  t o  t h e  m e th y l  t o r s i o n  mode. The f o r m e r  band i s  
l a r g e  and n e g a t i v e ,  w h e reas  t h e  l a t t e r  i s  small  and n e g a t i v e .  
These  r e l a t i v e  s i g n s  and m a g n i tu d e s  a r e  c o n s i s t e n t  w i t h  
t h e  MM c a l c u l a t i o n s  (T ab le  1 )  w h ich  g iv e  V^Ge o f  t h e  same 
s i g n  ( p o s i t i v e )  b u t  much l a r g e r  f o r  t h e  c y c lo h e x a n o n e  t h a n  
f o r  t h e  c y c l o p e n t a n o n e .  The a s s ig n m e n t  o f  a h i g h e r  
m e th y l  t o r s i o n  f r e q u e n c y  i n  t h e  c y c l o p e n t a n o n e  t h a n  i n  
t h e  c y c l o h e x a n o n e  i s  s u p p o r t e d  by  t h e  c a l c u l a t e d  b a r r i e r  
h e i g h t s ,  V^.
T h is  t y p e  o f  c o r r e l a t i o n  h a s  b e e n  e x t e n d e d ,  
w i t h o u t  c a l c u l a t i o n ,  t o  some a d d i t i o n a l  r e l a t e d  m o l e c u l e s .  
F o r  e x a m p le ,  t h e  m e th y l  g ro up  a t t a c h e d  d i r e c t l y  t o  t h e  
r i n g  i n  ( - ) - m e n t h o n e  h a s  a v e r y  s i m i l a r  s t e r e o c h e m i c a l  
e n v i r o n m e n t  and th e  same a b s o l u t e  c o n f i g u r a t i o n  t o  t h a t  
i n  ( + ) - 3 - m e t h y l - c y c l o h e x a n o n e . I t  i s  t h e r e f o r e  p o s s i b l e  
t o  a s s i g n  t h e  l a r g e  n e g a t i v e  Raman o p t i c a l  a c t i v i t y  
a s s o c i a t e d  w i t h  t h e  weak Raman band a t  a b o u t  260 cm 
i n  ( - ) - m e n t h o n e  ( F i g u r e  5) t o  t h e  m e th y l  t o r s i o n  mode.
MM c a l c u l a t i o n s  on ( - ) -m e n th o l  i n d i c a t e  t h a t  t h e  
m e th y l  g ro up  a t t a c h e d  t o  t h e  r i n g  w i l l  g i v e  r i s e  t o  a 
t o r s i o n  mode w h ic h  w i l l  h ave  l a r g e  and p o s i t i v e  Raman 
o p t i c a l  a c t i v i t y .  These  c a l c u l a t i o n s  a r e  i n  a c c o rd  w i t h
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t h e  e x p e r i m e n t a l  o b s e r v a t i o n  o f  a weak,  b ro ad  Raman band 
a t  a b o u t  260 cm i n  ( - ) -m e n th o l  ( F i g u r e  7) w h ich  shows 
l a r g e  p o s i t i v e  o p t i c a l  a c t i v i t y .  S i m i l a r l y ,  t h e  Raman 
o p t i c a l  a c t i v i t y  s p e c t r u m  o f  ( - ) - m e n t h y l  c h l o r i d e  ( F i g u r e  
8) shows band s h o u l d e r s  a t  a b o u t  260 and 230 cm"^ w h ich  
show s m a l l  p o s i t i v e  o p t i c a l  a c t i v i t y  and th e  Raman 
o p t i c a l  a c t i v i t y  s p e c t ru m  o f  ( - ) - i s o p u l e g o l  ( F i g u r e  9)
_ - i
h a s  a band a t  a b o u t  260 cm which  shows a p o s i t i v e  
o p t i c a l  a c t i v i t y .  S in c e  t h e s e  t h r e e  m o le c u le s  have  t h e  
same a b s o l u t e  c o n f i g u r a t i o n  i n  th e  r e g i o n  o f  t h e  m e th y l  
g r o u p ,  i t  seems t h a t  t h e s e  bands  c a n  be  a s s i g n e d  t o  
t o r s i o n  o f  th e  m e th y l  g roup  a t t a c h e d  t o  th e  r i n g  i n  e a c h  
m o l e c u l e •
The Raman o p t i c a l  a c t i v i t y  s p e c t r u m  o f  ( - ) -  
l im o n e n e  ( F i g u r e  10)  shows a l a r g e  n e g a t i v e  e f f e c t
_-l
a s s o c i a t e d  w i t h  a broad, weak Raman band a t  250 cm 
I n  a s m i l i l a r  way, ( + ) - c a r v o n e  ( F i g u r e  11)  shows a l a r g e  
• p o s i t i v e  e f f e c t  a s s o c i a t e d  w i t h  a Raman band o f  s i m i l a r  
shap e  a t  t h e  same f r e q u e n c y .  These  e f f e c t s  m igh t  
o r i g i n a t e  i n  t o r s i o n s  o f  t h e  i s o p r o p e n y l  m e th y l  g ro u p s  
s i n c e  t h e  c o r r e s p o n d i n g  p o t e n t i a l  b a r r i e r s  would be 
v e r y  s i m i l a r  i n  t h e  two m o le c u l e s  b u t  w i t h  o p p o s i t e  
# c h i r a l  p a r t s .  T h is  i s  s u p p o r t e d  by  MM c a l c u l a t i o n  on 
' ( - ) - l i m o n e n e  (T a b le  1)  w h ich  g i v e  a p o s i t i v e  V^9e 
v a l u e  (and i m p l i e s  n e g a t i v e  Raman o p t i c a l  a c t i v i t y )  f o r  
t h e  i s o p r o p e n y l  m e th y l  g ro u p  and a n e g a t i v e  and s m a l l e r  
V^9e v a l u e  (and t h e r e f o r e  p o s i t i v e  Raman o p t i c a l  
a c t i v i t y )  f o r  t h e  m e th y l  g ro u p  a t t a c h e d  d i r e c t l y  t o  th e  
r i n g .  The t o r s i o n  o f  t h e  l a t t e r  m e th y l  g ro u p  may t h e r e ­
f o r e  g i v e  r i s e  t o  t h e  Raman ban ds  o f  p o s i t i v e  o p t i c a l
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-1a c t i v i t y  a t  a b o u t  200 era o r  b e tw een  a b o u t  100 and 180 
cm • MM c a l c u l a t i o n s  on ( + ) - c a r v o n e  g iv e  a n e g a t i v e  
V^9e v a l u e  f o r  t h e  i s o p r o p e n y l  m e thy l  g roup  and t h u s  
im ply  p o s i t i v e  Raman o p t i c a l  a c t i v i t y  w h ich  a g r e e s  w i t h  
t h e  a s s i g n e d  Raman band a t  a b o u t  250 cm
An i l l u s t r a t i o n ,  w h ich  d e m o n s t r a t e s  t h e  r e l i a b i l i t y  
o f  c o r r e l a t i o n s  o f  a b s o l u t e  c o n f i g u r a t i o n s  o b t a i n e d  from 
Raman o p t i c a l  a c t i v i t y  d a t a ,  i s  a v a i l a b l e .  The s i m i l a r i t y  
o f  a number o f  Raman o p t i c a l  a c t i v i t y  f e a t u r e s  o f  m en tho l  
and m en th y l  c h l o r i d e ,  i n  F i g u r e s  7 and 8 ,  i m p l i e d  t h a t  
t h e  two c h i r a l  m o le c u l e s  sh o u ld  have  th e  same a b s o l u t e  
c o n f i g u r a t i o n .  The m en th o l  e n a n t i o m e r  was known, w i t h  
c e r t a i n t y ,  t o  be t h e  ( - ) - i s o m e r .  R e f e r e n c e  1U, h o w e v e r ,  
w ro n g ly  a s s i g n e d  th e  m en th y l  c h l o r i d e  m o le c u le  u sed  as  
t h e  ( + ) - i s o m e r .  T h is  i n c o r r e c t  a s s ig n m e n t  was s u b s e q u e n t l y  
found  t o  be  due t o  a t y p o g r a p h i c a l  e r r o r  and t h e  i so m er  
o f  m en th y l  c h l o r i d e  u sed  i n  t h e  Raman s t u d i e s  was i n  f a c t  
t h e  ( - ) - i s o m e r  as  t h e  Raman o p t i c a l  a c t i v i t y  s p e c t r u m  
s u g g e s t e d .
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CHAPTER SEVEN
Some a s p e c t s  o f  c r y s t a l l o g r a p h y .
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7 . 1 .  H i s t o r i c a l
In 1912, Max von Laue p r e d i c t e d  t h a t  t h e  a r r a y  o f  atoms
i n  t h e  l a t t i c e  s t r u c t u r e  o f  a c r y s t a l  c o u l d  a c t  a s  a t h r e e -
d i m e n s i o n a l  d i f f r a c t i o n  g r a t i n g  f o r  X - r a y s ,  wh ich  a r e
e l e c t r o m a g n e t i c  waves h a v in g  w a v e l e n g th s  i n  t h e  r a n g e  o f  
o
0 . 5  -  2 . 5  A. In t h e  e x p e r i m e n t s  o f  F r i e d r i c h  and K n ip p in g ,  
a c r y s t a l  o f  z i n c  b len d ew as  ex p o sed  t o  X - r a y s  and a 
p a t t e r n  c o n s i s t i n g  o f  a c e n t r a l  image s u r r o u n d e d  by s p o t s  
was formed on a p h o t o g r a p h i c  p l a t e .  These  d i f f r a c t i o n  
p h o t o g r a p h s  l e n t  d e f i n i t e  s u p p o r t  t o  t h e  view t h a t  X - r a y s  
c o n s i s t e d  o f  waves a s  w e l l  a s  s u p p o r t i n g  t h e  h y p o t h e s i s  o f  
t h e  l a t t i c e  s t r u c t u r e  o f  c r y s t a l s .  W.H. Bragg and  h i s  s o n ,  
W.L. Bragg assumed t h a t  t h e  X - r a y s  w ere  ’r e f l e c t e d '  from 
f a m i l i e s  o f  r e g u l a r l y  s p a c e d  p l a n e s  t h r o u g h o u t  t h e  c r y s t a l s  
and t h e  famous Bragg Law was d e r i v e d :
n X  = 2d s i n  9 ;
where  n i s  t h e  o r d e r  o f  t h e  s p e c t r u m ,  X i s  t h e  w a v e le n g th  
o f  t h e  i n c i d e n t  X - r a y s ,  9 i s  t h e  a n g l e  o f  i n c i d e n c e  be tw een  
t h e  r a y s  and  t h e  p l a n e  and d i s  t h e  d i s t a n c e  be tw een  
a d j a c e n t  l a y e r s  o f  a tom s i n  t h e  c r y s t a l .  A p o w e r f u l  and 
p r e c i s e  t o o l  had now been  p u t  i n  t h e  hands  o f  s c i e n t i s t s  
i n t e r e s t e d  i n  t h e  s t r u c t u r e  o f  m a t t e r .
X - r a y s  a r e  so  p e n e t r a t i n g  t h a t  t h e y  c a n n o t  be f o c u s e d  
by any m a t e r i a l .  To c i r c u m v e n t  t h i s  p ro b le m ,  v a r i o u s  
c a l c u l a t i o n s ,  which  w i l l  be d i s c u s s e d  i n  s u b s e q u e n t  s e c t i o n s ,  
a r e  s u b s t i t u t e d  f o r  t h e  l e n s e s .  From t h e  i n t e n s i t i e s  
o f  t h e  t h r e e - d i m e n s i o n a l  a r r a y  o f  r e f l e c t i o n s  c o l l e c t e d
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from a g iv e n  s i n g l e  c r y s t a l  e i t h e r  p h o t o g r a p h i c a l l y  o r  from 
an a u t o m a t i c  d i f f r a c t o m e t e r ,  which  h a s  o n ly  been  in u se  f o r  
a b o u t  f i f t e e n  y e a r s ,  i t  i s  p o s s i b l e  t o  o b t a i n  an  eLect ron  
d e n s i t y  d i s t r i b u t i o n  i n  t h e  c r y s t a l  w h ich ,  i n  t u r n ,  p r o v i d e s  
d i r e c t  images o f  t h e  a tom s i n  t h e  u n i t  c e l l .  X -ray  
a n a l y s e s  o f  h u n d r e d s  o f  c r y s t a l  s t r u c t u r e s  have  l e d  t o  
d e t a i l e d  knowledge  o f  t h e  g e o m e t r i c a l  p r o p e r t i e s  o f  d i f f e r e n t  
g ro u p s  o f  a to m s .  The r e s u l t i n g  s t e r e o c h e m i c a l  p r i n c i p l e s  
i n  c o n j u n c t i o n  w i t h  t h e  complex m a t h e m a t i c a l  t e c h n i q u e s  o f  
modern c r y s t a l l o g r a p h y  and t h e  a d v e n t  o f  t h e  d a t a - p r o c e s s i n g  
c o m p u te r s  h ave  been  o f  g r e a t  h e l p  i n  t h e  d e t e r m i n a t i o n  o f  
t h e  m o l e c u l a r  a r c h i t e c t u r e  o f  c o m p l i c a t e d  b i o l o g i c a l  m o l e c u l e s ,  
which a r e  composed o f  s m a l l  b a s i c  u n i t s ,  e . g .  p r o t e i n s .
7 . 2 .  C o r r e c t i o n s  t o  t h e  m easu red  i n t e n s i t i e s
B e f o re  p r o c e e d i n g  t o  t h e  a c t u a l  s t r u c t u r e  a n a l y s i s ,  i t  
i s  v i t a l  t h a t  c e r t a i n  c o r r e c t i o n s ,  which  a l l o w  f o r  v a r i o u s  
g e o m e t r i c a l  and  p h y s i c a l  f a c t o r s ,  be a p p l i e d  t o  t h e  
i n t e n s i t y  d a t a  from t h e  c r y s t a l .
(a) L o r e n t z - P o l a r i s a t i o n  
L o r e n tz
D i f f r a c t i o n  c o r r e s p o n d i n g  t o  a p a r t i c u l a r  r e c i p r o c a l  
l a t t i c e  p o i n t  h k l  o c c u r s  whenever  t h a t  p o i n t  i n t e r s e c t s  
t h e  Ewald s p h e r e ,  b u t  i n  v iew o f  t h e  f a c t  t h a t  e a c h  r e c i p r o c a l  
l a t t i c e  p o i n t  i s  sm eared  o u t ,  t h e  i n t e r s e c t i o n  o f  any g i v e n  
p o i n t  w i t h  t h e  Ewald s p h e r e  i s  n o t  a p r e c i s e  e v e n t  o c c u r r i n g  
a t  t h e  s i n g l e  i n s t a n t  when t h e  Bragg c o n d i t i o n  i s  e x a c t l y  
s a t i s f i e d .  The t im e  r e q u i r e d  f o r  a r e c i p r o c a l  l a t t i c e  
p o i n t  t o  p a s s  t h r o u g h  t h e  s p h e r e  o f  r e f l e c t i o n  d ep en ds  on
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b o th  t h e  Bragg a n g l e ,  9 and  on t h e  t e c h n i q u e  u s e d  t o  m easu re  
t h e  i n t e n s i t i e s .  For t h e  e q u i - i n c l i n a t i o n  W eis sen b e rg  
t e c h n i q u e ,  t h e  L o r e n t z  f a c t o r ,  L i s  g i v e n  by
L =   r  , ( i )
2 2 2 s i n  29 ( s i n  9 -  s i n  ju)
where  ja i s  t h e  e q u i - i n c l i n a t i o n  s e t t i n g  a n g l e .  For  d a t a  
c o l l e c t e d  on a f o u r  c i r c l e  d i f f r a c t o m e t e r ,  L i s  g iv e n  by
L = — ±-----  . (2)
s i n  29
P o l a r i s a t i o n
Most m ethods  o f  d a t a  c o l l e c t i o n  use  an i n c i d e n t  X -ray  
beam which  i s  u n p o l a r i s e d .  The em e rg en t  r a d i a t i o n  i s ,  
however ,  p a r t i a l l y  p o l a r i s e d  b e c a u s e  e l e c t r i c  v e c t o r s  which 
a r e  p a r a l l e l  t o  t h e  s u r f a c e  o f  t h e  r e f l e c t i n g  p l a n e  a r e  
r e f l e c t e d  more e f f i c i e n t l y  t h a n  e l e c t r i c  v e c t o r s  p e r p e n d i ­
c u l a r  t o  t h e  a f o r e m e n t i o n e d  p l a n e .  The i n t e n s i t y  o f  t h e  
r e f l e c t e d  beam can  be c o r r e c t e d  by t h e  p o l a r i s a t i o n  f a c t o r ,  
p ,  w hich  i s  i n d e p e n d e n t  o f  t h e  mode o f  d a t a  c o l l e c t i o n  
employed and  which  i s  g iv e n  by
p = £ (1  + c o s 2 29) . (3)
The combined  L o r e n t z - P o l a r i s a t i o n  f a c t o r ,  Lp, f o r  a 
f o u r  c i r c l e  d i f f r a c t o m e t e r  may t h e n  be w r i t t e n  a s  f o l l o w s :
2
_ 1 + c o s  29 (ANLp = --------------------  (4)
2 s i n  29
(b) C o u n t in g  Loss
In r e c e n t  y e a r s ,  p r o p o r t i o n a l  c o u n t e r s  and  s c i n t i l l a ­
t i o n  c o u n t e r s  have  been  u s e d  i n  t h e  m easurem ent  o f  X - ray
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i n t e n s i t i e s .  I t  h a s  been  p o i n t e d  o u t  t h a t ,  b e c a u s e  o f  t h e  
dead t im e  o f  t h e  c o u n t e r  t u b e s ,  which i s  a b o u t  0 . 2 5 j u  s e c ,  
t h e  l i n e a r i t y  o f  c o u n t i n g  r a t e  w i t h  i n t e n s i t y  i s  l i m i t e d  t o  r e g i o n s  
below a c e r t a i n  c o u n t i n g  r a t e .  For i n t e n s e  r e f l e c t i o n s ,
i . e .  g r e a t e r  t h a n  a b o u t  1 0 ,0 00  t o  2 0 ,0 0 0  c o u n t s / s e c ,  t h e  
c o u n t i n g  r a t e  i s  beyond t h e  l i n e a r i t y  l i m i t ,  and  s o ,  i f  
f u l l  u s e  i s  t o  be made o f  t h e  i n h e r e n t  a c c u r a c y  o f  t h e  
d i f f r a c t o m e t e r ,  t h i s  c o u n t e r  s a t u r a t i o n  e f f e c t  must  be t a k e n  
i n t o  c o n s i d e r a t i o n  and  t h i s  i s  u s u a l l y  a c c o m p l i s h e d  by 
r e d u c i n g  t h e  i n t e n s i t y  o f  t h e  d i r e c t  beam by i n t e r p o s i n g  a 
s u i t a b l e  number o f  c a l i b r a t e d  f o i l s  o r ,  more commonly, by 
l o w e r in g  t h e  v o l t a g e .  A number o f  low o r d e r  r e f l e c t i o n s  
a r e  t h e n  r e m e a s u r e d  an d ,  f rom an a n a l y s i s  o f  t h e  c o u n t s  o f  
th e  weaker  low o r d e r  r e f l e c t i o n s  a t  t h e  r e d u c e d  and  no rm al  
beam i n t e n s i t i e s ,  i t  i s  p o s s i b l e  t o  d e r i v e  a c o n v e r s i o n  
f a c t o r  which  may t h e n  be a p p l i e d  t o  t h e  more i n t e n s e  
r e f l e c t i o n s .
The r e l a t i o n s h i p  be tw een  t h e  i n t e n s i t y  o f  one r e f l e c t i o n  
a t  no rm al  beam i n t e n s i t y ,  I ,  and  t h e  i n t e n s i t y  o f  t h e  same
r e f l e c t i o n  a t  r e d u c e d  beam i n t e n s i t y ,  J .  i s  g i v e n  by
J  = P XI + P2 I 2 , (5)
where P , , P  a r e  c o n s t a n t s  t o  be d e t e r m i n e d .  Each 
1 2
o b s e r v a t i o n  J  h a s  an a s s i g n e d  w e i g h t ,  W, which  i s  p r o p o r t i o n a l  
to  t h e  i n v e r s e  o f  t h e  s q u a r e  o f  t h e  s t a n d a r d  d e v i a t i o n  o f  
J, i . e .
w =  i / ( a j )2
The residual A  is the difference between the intensities 
for a given reflection under the two sets of conditions such
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t h a t
A  =  j  -  ( p 1 i  + p 2 i 2 ) . (6)
o
By t h e  method o f  l e a s t  s q u a r e s ,  M i s  s e t  e q u a l  t o  X  W A  
and t h e  c o n d i t i o n s  f o r  M t o  be a minimum a r e  g i v e n  by
6 M = &_M _ Q (7)a Pi ap2
S o l u t i o n  o f  t h e  r e s u l t i n g  s i m u l t a n e o u s  e q u a t i o n s  p r o v i d e s  
t h e  v a l u e s  o f  and  which  can  be r e s u b s t i t u t e d  i n t o  t h e  
a p p r o p r i a t e  e q u a t i o n ,  t o g e t h e r  w i t h  t h e  c o u n t  o f  a s t r o n g  
r e f l e c t i o n  a t  r e d u c e d  beam i n t e n s i t y ,  J ,  t h u s  making i t  
p o s s i b l e  t o  o b t a i n  c o r r e c t e d  I v a l u e s  f o r  s t r o n g  r e f l e c t i o n s .
7 .3  S t r u c t u r e  F a c t o r s
The p r o p e r  m easu re  o f  t h e  s c a t t e r i n g  power p e r  u n i t  c e l l
i s  g i v e n  by a complex q u a n t i t y  known a s  t h e  s t r u c t u r e  f a c t o r ,
r e p r e s e n t e d  by F. The i n t e n s i t y  I (h k l )  o f  e ac h  d i f f r a c t e d
beam i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  i t s  a m p l i t u d e ,  i . e .
I ( h k l )c x f  | F ( h k l ) l ^ _  where  IF ( h k l ) I , i s  t h e  s o - c a l l e dobs obs
" o b s e r v e d "  s t r u c t u r e  f a c t o r  a m p l i t u d e  and  where  F ( h k l )  
r e p r e s e n t s  t h e  r a d i a t i o n  s c a t t e r e d  i n  t h e  o r d e r  ( h k l )  by t h e  
c r y s t a l .  Each o f  t h e  d i f f r a c t e d  beams a l s o  h a s  a p h a s e  
(h k l )  a s s o c i a t e d  w i t h  i t  which  e x p r e s s e s  t h e  e x t e n t  t o  
which t h e  d i f f r a c t e d  beam i s  i n  p h a s e  w i t h  o t h e r  d i f f r a c t e d  
beams. I f  t h e  p o s i t i o n s  o f  t h e  a tom s i n  t h e  u n i t  c e l l  a r e  
known, b o t h  t h e  " c a l c u l a t e d "  a m p l i t u d e  I F ( h k l ) I  c a l c  and  
" c a l c u l a t e d "  p h a s e  (h k l )  f o r  e a c h  r e f l e c t i o n  c an  be o b t a i n e d  
from t h e  s t r u c t u r e  f a c t o r  e q u a t i o n ,
-  2 3 6  -
n
F ( h k l )  = X f  exp 2 TT i  ( h x . + k y .  + l z . )  (8)
J J J J
j = l
= A (h k l )  + i  B (h k l )  , 
n
where  A (h k l )  = T  f .  c o s  2 TT (hx . + ky . + l z  ) :
J J J j
j = l
n
B (h k l )  =T  f .  s i n  2 TT (hx . +ky . = l z . ) ;
J J J J
j = l
and i i s  t h e  im a g in a r y  number V - 1 .  The summation i s  o v e r
a l l  n a toms i n  t h e  u n i t  c e l l ,  w i t h  x . ,  y .  z .  r e p r e s e n t i n g
J <3 J
t h e  f r a c t i o n a l  c o o r d i n a t e s  o f  t h e  j*'*1 atom. From t h e
s t r u c t u r e  f a c t o r  e q u a t i o n ,  i t  f o l l o w s  t h a t
| F (h k l )  | = N/ A ( h k l ) 2 + B ( h k l ) 2
and t a n  oi ( h k l )  = B (h k l )  /  A ( h k l ) .  (9)
The t e rm  f . i n  e q u a t i o n  (8) r e p r e s e n t s  t h e  s c a t t e r i n g  power 
J
t  ho f  t h e  j  a tom and i s  known f o r  an  a tom a t  r e s t .  At
z e r o  a n g l e  s c a t t e r i n g ,  f o r  which  a l l  e l e c t r o n s  s c a t t e r  i n
p h a s e ,  f^  i s  e q u a l  t o  t h e  t o t a l  number o f  e l e c t r o n s  i n  t h e
atom ( v i z .  t h e  a to m ic  n u m b e r ) . With i n c r e a s i n g  d i f f r a c t i o n
a n g l e  0 ,  f .  d e c r e a s e s  r a p i d l y ,  i n  t h e  o r d e r  o f  s i n  9 / A 
J
due t o  a g r e a t e r  p h a s e  d i f f e r e n c e  be tw een  t h e  waves s c a t t e r e d  
by t h e  e l c t r o n  c l o u d  o f  t h e  a tom.
Atoms i n  c r y s t a l s  a r e  v i b r a t i n g  and t h i s  r e s u l t s  i n  
t h e  e l e c t r o n  c l o u d  b e in g  s p r e a d  o v e r  a w id e r  r e g i o n  o f  s p a c e .
-  2 3 7  -
A llow ance  must  be made f o r  t h i s  e f f e c t  i n  work o f  even  
m o d e ra te  a c c u r a c y  and t h i s  can  be a c c o m p l i s h e d  by e f f e c t i v e l y  
d i m i n i s h i n g  f  , t h e  s c a t t e r i n g  power o f  t h e  s t a t i o n a r y  a tom. 
Thus f o r  i s o t r o p i c  v i b r a t i o n ,  t h e  s c a t t e r i n g  f a c t o r  f^ i s  
g iv e n  by
f j  = f Q exp -B ( s i n 2 Q) / X  2J  , (10)
2  2
where  B = 8TT U , t h e  D ebye-W al le r  f a c t o r  o r  t h e  i s o t r o p i c
t h e r m a l  p a r a m e t e r .  I t  u s u a l l y  l i e s  i n  t h e  r a n g e  
o 2
2 - 4  A f o r  c a r b o n  and oxygen a tom s i n  a t y p i c a l  
o r g a n i c  c r y s t a l  and  i s  t e m p e r a t u r e  d e p e n d e n t .
—  2U = t h e  mean s q u a r e  a m p l i t u d e  o f  v i b r a t i o n  p e r p e n d i ­
c u l a r  t o  t h e  r e f l e c t i n g  p l a n e  and  l i e s  i n  t h e  r a n g e  
o^
0 . 1  -  0 . 0 1  A .
In g e n e r a l ,  how ever ,  a toms v i b r a t e  w i t h  d i f f e r e n t  a m p l i t u d e s  
i n  d i f f e r e n t  d i r e c t i o n s  and a r e  b e s t  r e p r e s e n t e d  by an  
e l l i p s o i d  o f  e l e c t r o n  d e n s i t y ,  r a t h e r  t h a n  a s p h e r e .  To 
d e s c r i b e  su c h  an  e l l i p s o i d ,  s i x  p a r a m e t e r s  a r e  r e q u i r e d  -  
t h r e e  g i v e  t h e  r a d i i  a l o n g  i t s  p r i n c i p a l  a x e s  and  t h r e e  more 
t o  d e s c r i b e  t h e  o r i e n t a t i o n  o f  t h e  e l l i p s o i d  i n  s p a c e .  Thus,  
f o r  a n i s o t r o p i c  v i b r a t i o n ,
* * I /t> *2 *2 D . 2  . *2 , D , 2 * 2 +  2B, Qh l a * c *
f j  = V xp b ( 11 a  22 k b + B33 1 c  13
+ 2B k lb * c *  + 2B12hka*b*) /  4 1  > ( U )
2 3
where R 3^ * *i j  = t h e  a n i s o t r o p i c  t h e r m a l  p a r a m e t e r ;  a , b  , c =
t h e  l e n g t h s  o f  r e c i p r o c a l  c e l l  e d g e s .  
A l t e r n a t i v e l y ,  e q u a t i o n  (11) may be r e w r i t t e n  i n  t h e  more
-  238 -
commonly u se d  form:
f j  = f Qexp [-2TT2 (Ul: lh 2a * 2 +U22k2 b*2 + U3g l 2 c * 2 + 2 u 13h la * c *  + 
2U23k lb * c *  + ^U^2^ka*b*)_J ( 12 )
2 2where U. . ~ U. . = B. ./8TT , t h e  t h e r m a l  p a r a m e t e r s  e x p r e s s e d
J  %J J
i n  t e r m s  o f  m e a n - s q u a re  a m p l i t u d e s  o f  v i b r a t i o n s .
7 .4  S t r u c t u r e  f a c t o r s  and  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n
S in c e  t h e  e l e c t r o n  d e n s i t y  i n  a c r y s t a l  v a r i e s  
c o n t i n u o u s l y  and  p e r i o d i c a l l y  i n  t h r e e - d i m e n s i o n a l  s p a c e ,  
t h e  e l e c t r o n  d e n s i t y  can  be e x p r e s s e d  a s  t h e  f o l l o w i n g  t h r e e -  
d i m e n s i o n a l  F o u r i e r  s e r i e s :
p  (xyz)  = V ^ X jE X F ( h k l )  exp Q-2 TT i  (hx + ky + lz)J
h k l
(13)
w here  p  (xyz)  i s  t h e  e l e c t r o n  d e n s i t y  a t  t h e  p o i n t  w i t h  
f r a c t i o n a l  c o o r d i n a t e s  x , y , z  i n  t h e  u n i t  c e l l  o f  Volume V.
The t r i p l e  summation  i s  t a k e n  o v e r  a l l  d i f f r a c t e d  beams.
I t  can  be shown t h a t
F ( h k l )  = F ( h k l )  exp 2TTi cX ( h k l ) .  (14)
Using e q u a t i o n  ( 1 4 ) ,  i t  i s  now p o s s i b l e  t o  s u b s t i t u t e  f o r
F (h k l )  i n  e q u a t i o n  (13) and  t h u s  o b t a i n  a more u s e f u l  form
of t h e  F o u r i e r  e x p r e s s i o n ,
p ( x y z )  = V_1I  I  X I F ( h k l )  | exp C - 2 TTi (hx + ky + 
h k l
l z  -  < X ( h k l 7 |  ( 1 5 )
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I f  b o th  t h e  a m p l i t u d e  F ( h k l )  and t h e  p h a s e  oC (h k l )  
o f  e ac h  d i f f r a c t e d  beam a r e  known, t h e  e l e c t r o n  d e n s i t y  
w i t h i n  t h e  u n i t  c e l l  o f  t h e  c r y s t a l  can  be c a l c u l a t e d  
d i r e c t l y  f rom e q u a t i o n  (15) a t  f r a c t i o n a l  i n t e r v a l s  a l o n g  
e ach  o f  t h e  c e l l  e d g e s  t o  g i v e  a t h r e e - d i m e n s i o n a l  g r i d  o f  
e l e c t r o n  d e n s i t y  p o i n t s  and t h e  p o s i t i o n s  o f  t h e  a tom s in  
t h e  u n i t  c e l l  may be deduced .  E q u a t io n  (15) s e p a r a t e s  t h e  
F ( h k l )  f s  which  can  be o b t a i n e d  e x p e r i m e n t a l l y  from t h e  
i n t e n s i t y  d a t a  f rom t h e  p h a s e  o C (hk l )  w h ich ,  u n f o r t u n a t e l y ,  
c a n n o t  be d e r i v e d  from t h e  e x p e r i m e n t a l  d a t a  and  which  must 
t h e r e f o r e  be d e r i v e d  by some o t h e r  s t r a t e g y ,  e . g .  by t r i a l -  
a n d - e r r o r ,  t h e  h e a v y -a to m  method,  i som orphous  r e p l a c e m e n t ,  
P a t t e r s o n  m ethods  o r  D i r e c t  m ethods .  T h i s  s e a r c h  f o r  a 
s e l f - c o n s i s t e n t  s e t  o f  p h a s e s  i s  te rm e d  t h e  ’p h a s e  p r o b le m '  
o f  c r y s t a l l o g r a p h y .
7 .5  D i r e c t  Methods o f  Ph ase  D e t e r m i n a t i o n
D i r e c t  m ethods  s e e k  t o  d e t e r m i n e  p h a s e  i n f o r m a t i o n  
o b j e c t i v e l y  by e x a m i n a t i o n  o f  s t r u c t u r e  f a c t o r  m a g n i tu d e s  
d e r i v e d  f rom t h e  s t u d y  o f  a s i n g l e  c r y s t a l ,  w i t h o u t  r e f e r e n c e  
t o  c h e m ic a l  knowledge  o r  i so m orph o us  d e r i v a t i v e s .  S t a r t i n g  
from t h e  f u n d a m e n ta l  p h y s i c a l  f a c t  t h a t  t h e  e l e c t r o n  d e n s i t y  
w i t h i n  t h e  u n i t  c e l l  can  n e v e r  be n e g a t i v e ,  a number o f  
i n e q u a l i t i e s ,  e q u a l i t i e s  and p r o b a b i l i t i e s  may be d e r i v e d  
which ,  i n  f a v o u r a b l e  c a s e s ,  a l l o w  p h a s e s  t o  be d e t e r m i n e d .
D i r e c t  m ethods  i n v o l v e  t h e  c o m p a r i s o n  o f  t h e  s t r u c t u r e  
f a c t o r  m a g n i t u d e s ,  and  i n  o r d e r  t o  g e n e r a l i s e  t h e  m a t h e m a t i c s ,  
i t  i s  n e c e s s a r y  t o  d e f i n e  t h e  U n i t a r y  S t r u c t u r e  F a c t o r  U (h ) ,  
i n  d i r e c t  m ethod  v e c t o r  n o t a t i o n ,  a s
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U( h )  =_ F(h)
N
I  f J
j = l
( 1 6 )
where  t h e  summation i s  c a r r i e d  o u t  o v e r  t h e  N a tom s i n  t h e  
c e l l  and  f . i s  t h e  s c a t t e r i n g  f a c t o r  f o r  atom j  c o m p e n s a t in gJ —•
f o r  b o th  t h e t a  f a l l - o f f  and t h e r m a l  e f f e c t s .
S in c e  ^
F (h )  = Z  f  . exp 2 H i  h . r  (17)
J
j = l
t h e n  | F ( h ) | ^ J  f .
j = l
and so  |u (h ) |  ^  1.
The maximum v a l u e  o f  1 f o r  U(h) o c c u r s  when a l l  a tom s s c a t t e r
i n  p h a s e  and  U(h) ’ s  o f  1 a r e  r a r e l y  i f  e v e r  fo un d .  By
d e f i n i n g  t h e  U n i t a r y  Atomic S c a t t e r i n g  F a c t o r  n . ,  i n  t h e
J
f o l l o w i n g  m a n n e r :
f  .
J
n i = N , (18)
I  f  . 
j = i J
i t  i s  p o s s i b l e  t o  w r i t e
N
U(h) = X n * exP 2 TT i  (19)” ' J
j = l
I f  a l l  t h e  a tom s i n  t h e  u n i t  c e l l  a r e  a l i k e ,  n^ t h e n  becomes 
e q u a l  t o  t h e  r e c i p r o c a l  o f  t h e  number o f  a tom s i n  t h e  u n i t  
c e l l ,  N, i . e .
1
n. -  —  *
1 N
and i t  c a n  be e a s i l y  d e d u c e d  t h a t ,  i n  a r e a s o n a b l y  s i z e d
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o r g a n i c  m o le c u l e ,  t h e r e  may be so  few l a r g e  U(h) 
among t h e  d a t a  t h a t  t h e r e  w i l l  n o t  be enough c o n s t r a i n t s  
t o  d e t e r m i n e  t h e  s t r u c t u r e .  As a r e s u l t  o f  t h i s ,  K a r l e  
and  Hauptman f o r m u l a t e d  a n o r m a l i s e d  s t r u c t u r e  f a c t o r ,  
E ( h ) , which  i s  g iv e n  by
2
2
F(h)
E(h)  = n  2  ( 2 0 )
e l  f i
i = l
where  C i s  an  i n t e g e r ,  which  i s  n o r m a l ly  u n i t y  and  which
c o r r e c t s  f o r  s p a c e  g roup  e x t i n c t i o n s .  The a d v a n t a g e  o f
I I 2E(h) i s  t h a t  t h e  a v e r a g e  v a l u e  o f  |E ( h ) |  i s  u n i t y ,  and  i t  
h a s  been  shown t h a t  t h e  u s e  o f  E(h)  i s  t a n t a m o u n t  t o  r e g a r d ­
in g  t h e  a tom s w i t h i n  a s t r u c t u r e  a s  p o i n t s  which  do n o t  
s u f f e r  t h e r m a l  m o t io n .
I n e q u a l i t i e s
The f i r s t  d i r e c t  m ethods  t o  be i n t r o d u c e d  were  t h e  
H a r k e r - K a s p e r  i n e q u a l i t i e s ,  f rom w hich  i t  i s  p o s s i b l e  t o  
o b t a i n  c e r t a i n  p h a s e  i n f o r m a t i o n .  In  a c r y s t a l  w h ich  h a s  
a c e n t r e  o f  symmetry ,  e q u a t i o n  (19) may be r e w r i t t e n  i n  t h e  
form N/2
U(h) = 2 X n - c o s  2 IT i  h . r .  (21)J
j - i
Using  C a u c h y ' s  i n e q u a l i t y ,  which  s t a t e s  t h a t
iz .Ai2^  i2)'
3 3 3
e q u a t i o n  (21) t h e n  becomes
U2 (h) ^  i  f l  + U (2h7j (22)
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R e l a t i o n  (22) r e l a t e s  i n f o r m a t i o n  c o n c e r n i n g  t h e  r e c i p r o c a l
l a t t i c e  s i t e  h t o  t h a t  f o r  t h e  s i t e  2h and s i n c e ,  b o th
2t h e  m a g n i tu d e  and  s i g n  (+) o f  U (h) a r e  known, t h e  s i g n  o f  
U(2h) may be unam b ig u ou s ly  deduced  i f  t h e  i n t e n s i t y  a t  h i s  
s t r o n g  enough .
In  g e n e r a l ,  t h e y  g i v e  unambiguous i n f o r m a t i o n  o n ly  i f  
t h e r e  a r e  a l a r g e  number o f  i n t e n s i t y  maxima a s s o c i a t e d  w i t h  
u n i t a r y  s t r u c t u r e  f a c t o r s  o f  v a l u e  o f  a b o u t  one h a l f  o r  
g r e a t e r .  As m o l e c u l a r  s i z e  i n c r e a s e s ,  t h e  p r o b a b i l i t y  o f  
any g e n e r a l  U(h) b e i n g  g r e a t e r  t h a n  one h a l f  d e c r e a s e s ,  and  
so  t h i s  r e d u c e s  t h e  a p p l i c a b i l i t y  o f  i n e q u a l i t i e s  t o  l a r g e r  
s t r u c t u r e s .  A l th o u g h  d i f f e r e n t  i n e q u a l i t i e s  may be g e n e r a t e d  
f o r  a l l  t h e  230 s p a c e  g r o u p s ,  t h e  g e n e r a l  u se  o f  i n e q u a l i t i e s  
i s  r e s t r i c t e d  t o  c e n t r o s y m m e t r i c  c r y s t a l s .  The r e s o l u t i o n  
o f  t h e  p o s i t i v e / n e g a t i v e  a m b i g u i ty  i s  a  f a r  s i m p l e r  p ro b le m  
t h a n  t h e  i d e n t i f i c a t i o n  o f  a p h a s e  a n g l e  anywhere  be tw een  
0 and  2 , and  no g e n e r a l  i n e q u a l i t i e s  f o r  t h e  n o n c e n t r o -
sym m etr ic  c a s e  have  been  found  t o  be u s e f u l .
E q u a l i t i e s
In  1952, c e r t a i n  e q u a l i t i e s ,  which  g i v e  more s p e c i f i c  
i n f o r m a t i o n  t h a n  do t h e  i n e q u a l i t i e s ,  w ere  i n t r o d u c e d .  S a y re  
d e r i v e d  t h e  f o l l o w i n g  r e l a t i o n s h i p  be tw een  t h e  s t r u c t u r e  
f a c t o r s  o f  t h r e e  r e f l e c t i o n s  r e p r e s e n t e d  a s  h ,  k ,  h - k :
F ( h )  = 0 ( h )  Y. F C O . F C h  -  k )  , ( 2 3 )
k
where 0 ( h )  i s  a  c a l c u l a b l e  s c a l i n g  f a c t o r .
By c o n s i d e r i n g  a  s t r u c t u r e  o f  i d e n t i c a l  r e s o l v e d  a tom s ,
Sayre derived the following ’ Sigma two' relationships,
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be tw een  t h e  s i g n s  o f  t h r e e  r e f l e c t i o n s :
S(h) = S(k) . S (h -  k) (24)
where  S i n d i c a t e s  ’ t h e  s i g n  o f ’ .
Thus knowledge  o f  t h e  s i g n s  o f  two r e f l e c t i o n s  p e r m i t  t h e  
s i g n  o f  t h e  t h i r d  r e f l e c t i o n  t o  be d e t e r m i n e d .  These  
p a r t i c u l a r  r e l a t i o n s h i p s  a r e  t r u e  o n ly  f o r  t h e  h y p o t h e t i c a l  
c a s e  o f  a s t r u c t u r e  composed o f  i d e n t i c a l  a tom s .  For  
o r g a n i c  c r y s t a l s ,  t h e  p r e d o m in a n t  components  c a r b o n ,  oxygen 
and n i t r o g e n  have  a b o u t  t h e  same a to m ic  w e i g h t ,  and  so  
e q u a t i o n  (24) h a s  been  shown t o  h o l d  i f  t h e  a s s o c i a t e d  
s t r u c t u r e  f a c t o r s  a r e  l a r g e .
’ S' may be  u s e d  t o  d e n o te  ' t h e  p h a s e  o f ’ , t h u s  a l l o w i n g  
t h e  S a y re  e q u a t i o n  t o  be u s e d  f o r  n o n - c e n t r o s y m m e t r i c  c a s e s .
P r o b a b i l i t i e s
When t h e  m a g n i tu d e s  o f  t h e  s t r u c t u r e  f a c t o r s  a r e  n o t  
Targe  enough f o r  e q u a t i o n  (24) t o  be s t r i c t l y  t r u e ,  i t  h a s  
been  shown t h a t  t h e y  a r e  p r o b a b l y  c o r r e c t ,  a l t h o u g h  i n  some 
c a s e s ,  t h e  s i g n  e q u a l i t i e s  may b r e a k  down and  t h e  ' e q u a l s ’ 
s i g n  i n  e q u a t i o n  (24) s h o u l d  be r e p l a c e d  by ’ Z ' which  
means ’p r o b a b l y  e q u a l s ’ .
V a r io u s  a n a l y s e s  have  been  c a r r i e d  o u t  by Cochran  and 
Woolfson t o  d e t e r m i n e  t h e  s t a t i s t i c a l  i n t e r p r e t a t i o n  o f  
r e l a t i o n  (24) and  t h e  p r o b a b i l i t y  o f  i t s  b e i n g  c o r r e c t  may 
be q u a n t i f i e d  i n  t e r m s  o f  E v a l u e s  i n  t h e  f o l l o w i n g  way:
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P(E) = £ + \  t a n h  ( | E (h) . E(k) . E (h -k )  | . N-  ^).. (25)
By regarding each phase indication as a vector of 
length |E(k).E(h - k) | and direction <^J) (k) + <j>(h - «],
t h e y  may be summed v e c t o r i a l l y .  T h is  o p e r a t i o n  l e a d s  t o  
t h e  T angen t  f o r m u l a :
For  n o n - c e n t r o s y m m e t r i c  s p a c e  g r o u p s ,  i t  i s  o f t e n  found  o n ly  
p a r t i a l  s t r u c t u r e  i n f o r m a t i o n  i s  o b t a i n e d .  However, i f  t h e  
c a l c u l a t e d  s t r u c t u r e  f a c t o r s ,  b a s e d  on t h e  p a r t i a l  s t r u c t u r e ,  
a g r e e  r e a s o n a b l y  w e l l  w i t h  t h e  o b s e r v e d  a m p l i t u d e s ,  t h e n  
t h e  p h a s e s  a s s o c i a t e d  w i t h  o t h e r  l a r g e  E v a l u e s  may be 
i n c l u d e d  i n  f u r t h e r  t a n g e n t  f o rm u la  c a l c u l a t i o n s .  T h is  
r e c y l c i n g  p r o c e s s  may be r e p e a t e d  u n t i l  a l l  t h e  a toms a r e  
l o c a t e d .
Phase  D e t e r m i n a t i o n  i n  P r a c t i c e
Numerous com pute r  programmes have  been  p r e p a r e d  t o  
d e t e r m i n e  p h a s e s  by u t i l i s i n g  t h e  s y m b o l ic  a d d i t i o n  
p r o c e d u r e  o f  t h e  K a r l e s  and  e q u a t i o n s  ( 2 4 - 2 6 ) .  The MULTAN 
sy s te m  i s  one su c h  p a ck a g e  o f  c r y s t a l l o g r a p h i c  com pute r  
programmes w hich  w i l l  p e r f o r m  a l l  t h e  n e c e s s a r y  d i r e c t  
methods c a l c u l a t i o n s .  The main subprogrammes w hich  com­
p r i s e  t h e  c o m p le t e  s y s te m  a r e :
(a)  The NORMAL programme com putes  t h e  n o r m a l i s e d  
s t r u c t u r e  a m p l i t u d e s ,  | E | ' s  f rom t h e  i n t e n s i t y  d a t a .
tan (J) (h)
k
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(b) The MULTAN programme c o n s i s t s  o f  t h r e e  s e c t i o n s :
( i )  SIGMA 2 g e n e r a t e s  t h e  Sigma two i n t e r a c t i o n s  
( E q u a t i o n ( 2 4 ) ) .
( i i )  CONVERGE f i n d s  t h e  s t a r t i n g  r e f l e c t i o n s  f o r  t h e
T an gen t  fo r m u la  ( E q u a t io n  (26))  by a p p l i c a t i o n  o f  t h e
Sigma one fo rm u la  (which i s  a s p e c i a l  c a s e  o f  t h e
Sigma two r e l a t i o n s h i p  i n  which  two o f  t h e  r e f l e c t i o n s
a r e  t h e  same) and  by a s s i g n i n g  p h a s e  v a l u e s  t o
r e f l e c t i o n s  which  d e f i n e  t h e  o r i g i n  and  e n a n t io m o r p h .
A s m a l l  number o f  r e f l e c t i o n s ,  which  a p p e a r  t o
p r o v i d e  a good s t a r t i n g  p o i n t  f o r  p h a s e  d e t e r m i n a t i o n ,
a r e  c h o se n  and a r e  g i v e n  a l l  p o s s i b l e  c o m b i n a t i o n s  o f  
+ +-  TT/4 o r  -  3 TT/4  f o r  n o n - c e n t r o s y m m e t r i c  s p a c e  g ro u p s  
and 0 o r  TT f o r  c e n t r o s y m m e t r i c  s p a c e  g r o u p s ,  t h u s  
p r o d u c i n g  a m u l t i p l e  s t a r t i n g  p o i n t  f o r  t h e  t a n g e n t  
f o r m u la .
( i i i )  FASTAN g e n e r a t e s  e ac h  s t a r t i n g  s e t  o f  p h a s e s  
an d ,  by u s i n g  a w e i g h te d  v e r s i o n  o f  t h e  T angen t  fo rm u la  
and  t h e  p h a s e  r e l a t i o n s h i p s  o u t p u t  by SIGMA 2,  i t  
d e t e r m i n e s  t h e  p h a s e s  o f  o t h e r  h i g h  v a l u e  |E |1s
and a f i g u r e  o f  m e r i t  b a s e d  on t h e  d e g r e e  o f  i n t e r n a l  
c o n s i s t e n c y  f o r  e ac h  c o m p le t e  p h a s e  s e t .
(c)  The FOURIER programme computes  an E-map from a 
s e t  o f  n o r m a l i s e d  s t r u c t u r e  f a c t o r s  which  h a s  t h e  h i g h e s t  
combined f i g u r e  o f  m e r i t .  From t h e  E-map, i t  i s  p o s s i b l e ,  
i n  most  c a s e s ,  t o  d ed u ce  t h e  l o c a t i o n  o f  a tom s .
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MULTAN i s  most s u c c e s s f u l  when d e a l i n g  w i t h  c e n t r o -  
sym m et r ic  c r y s t a l s  o f  s m a l l  o r g a n i c  m o l e c u l e s ,  and  c o m p le te  
s t r u c t u r e s  s o l u t i o n s  a r e  o f t e n  p o s s i b l e .  The p ro b lem  i s  
more c o m p l i c a t e d  f o r  t h e  n o n - c e n t r o s y m m e t r i c  c a s e ,  b u t  i t  
i s  n o t  i m p o s s i b l e .  Very o f t e n ,  f i g u r e s  o f  m e r i t  can  be 
u n r e l i a b l e  and i t  i s  n e c e s s a r y  t o  examine  a l a r g e  number 
o f  E-maps b e f o r e  t h e  c o r r e c t  s o l u t i o n  i s  fo un d .
7 . 6 .  F o u r i e r  s y n t h e s i s
Once t h e  i n i t i a l  e s t i m a t e s  f o r  t h e  p h a s e s c X ( h k l )  
have  been  o b t a i n e d  by some s t r a t e g y ,  t h e y  can  be u s e d ,  i n  
c o n j u n c t i o n  w i t h  t h e  o b s e r v e d  s t r u c t u r e  f a c t o r  a m p l i t u d e s ,  
t o  compute  a t h r e e - d i m e n s i o n a l  e l e c t r o n  d e n s i t y  map, by 
u s i n g  e q u a t i o n  (1 5 ) .  I f  t h e  i n i t i a l  p h a s e s  a r e  c l o s e  
enough t o  t h e  t r u e  v a l u e s ,  t h i s  s y n t h e s i s  w i l l  a l l o w  some 
o f  t h e  s t r u c t u r a l  i n f o r m a t i o n  ’’l o c k e d ” i n  t h e  o b s e r v e d  
s t r u c t u r e  f a c t o r  a m p l i t u d e  v a l u e s  t o  be r e l e a s e d  e i t h e r  
by r e v e a l i n g  p e a k s  w i t h  r e d u c e d  d e n s i t y  o f  a d d i t i o n a l  a tom s , 
which  were  n o t  u s e d  i n  t h e  d e r i v a t i o n  o f  t h e  i n i t i a l  s e t s  
o f  p h a s e s ,  o r  by i n d i c a t i n g  any minor  e r r o r s  i n t h e  
c o o r d i n a t e s  o f  t h e  a toms p r e v i o u s l y  l o c a t e d .  A new s e t  
o f  p h a s e s  a r e  t h e n  r e c a l c u l a t e d  from t h e  c o r r e c t e d  
c o o r d i n a t e s  o f  t h e  p r e v i o u s  s e t  o f  a tom s and  t h e  c o o r d i n a t e s  
o f  t h e  newly l o c a t e d  a to m s ,  u s i n g  e q u a t i o n  (8) and  t h i s  new 
s e t  o f  p h a s e s  r e p r e s e n t  an  improvement  o v e r  t h e  i n i t i a l  s e t  
o f  p h a s e s  b e c a u s e  t h e r e  i s  more, o r  more p r e c i s e ,  i n f o r m a ­
t i o n  u se d  i n  t h e i r  d e r i v a t i o n .  The r e i t e r a t i v e  p r o c e s s  
o f  r e c a l c u l a t i o n  o f  t h e  p h a s e s  t o g e t h e r  w i t h  t h e  s u b s e q u e n t  
c o m p u t a t i o n  o f  a n o t h e r  F o u r i e r  e l e c t r o n  d e n s i t y  map (b a s e d
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on t h e  o b s e r v e d  a m p l i t u d e s  and c a l c u l a t e d  p h a s e s )  i s  known 
a s  " s u c c e s s i v e  F o u r i e r  s y n t h e s i s ” and  i s  c o n t i n u e d  u n t i l  
a model w hich  r e p r o d u c e s  i t s e l f  i s  o b t a i n e d .
H av ing  o b t a i n e d  a more r e l i a b l e  s e t  o f  p h a s e s ,  we
t h e n  c a l c u l a t e  a F o u r i e r  s y n t h e s i s  u s i n g  t h e  q u a n t i t i e s
|F  | -  |F  | . T h is  g i v e s  a d i f f e r e n c e  F o u r i e r  map whicho c
has  c e r t a i n  f e a t u r e s  which  e n a b l e  t h e  c o r r e c t  model t o  be 
f u r t h e r  r e f i n e d  and which  may be e x p r e s s e d  i n  t h e  form :
A  p  = V - ^  £  £  A F e x p  -  2 TT i ( hx + k F + l z ) . C2?)
h k 1
where. A F = I F I -  I F II o I I c I
| Fq | = o b s e r v e d  s t r u c t u r e  f a c t o r  a m p l i t u d e ,  
o b t a i n e d  from i n t e n s i t y  d a t a ,  
and  | Fc | = c a l c u l a t e d  s t r u c t u r e  f a c t o r  a m p l i t u d e ,
o b t a i n e d  from s t r u c t u r e  f a c t o r  e q u a t i o n  ( 8 ) .
S p e c i f i c a l l y ,  a  d i f f e r e n c e  F o u r i e r  map i s  p a r t i c u l a r l y  u s e f u l  
f o r  t h e  more p r e c i s e  l o c a t i o n  o f  a to m ic  p o s i t i o n s ,  f o r  t h e  
i d e n t i f i c a t i o n  o f  m i s s i n g  a tom s and f o r  r e f i n e m e n t  o f  
t h e r m a l  p a r a m e t e r s .
7 .7  L e a s t  s q u a r e s  r e f i n e m e n t
T h i s  i s  a  s t a t i s t i c a l  t r e a t m e n t  o f  t h e  d a t a  so  t h a t  a 
model ,  w hich  r e p r e s e n t s  t h e  b es t :  f i t w i t h  t h e  o b s e r v e d  d a t a ,  
i s  o b t a i n e d .
The e l e c t r o n  d e n s i t y  maxima o b t a i n e d  f rom t h e  F o u r i e r  
s y n t h e s i s ,  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n ,  does  n o t
-  248 -
n e c e s s a r i l y  c o r r e s p o n d  t o  t h e  b e s t  a to m ic  c o - o r d i n a t e s  which 
can  be a t t a i n e d .  T h is  i s  m a in ly  due t o  t h e  f a c t  t h a t ,  in  
t h e s e  F o u r i e r  s y n t h e s i s ,  t h e  summation i s  o n ly  t a k e n  ove r  
a l l  t h e  d i f f r a c t e d  beam i n s t e a d  t h e s e  F o u r i e r  s e r i e s  s h o u l d  
be i n f i n i t e .  Thus t e r m i n a t i o n  o f  s e r i e s  e r r o r s  w i l l  a lw ay s  
be p r e s e n t .  To overcome t h i s  o b s t a c l e ,  t h e  s t r u c t u r e  can  
be f u r t h e r  r e f i n e d  by t h e  method o f  l e a s t  s q u a r e s .  S in c e  
t h e r e  i s  a l a r g e  e x c e s s  o f  o b s e r v a t i o n a l  d a t a  (Fq ) o v e r  t h e  
numbers o f  p a r a m e t e r s ,  e . g .  a to m ic  c o o r d i n a t e s ,  t e m p e r a t u r e  
f a c t o r s ,  t h i s  s i t u a t i o n  i s  s u i t e d  t o  l e a s t  s q u a r e s  a n a l y s i s ,  
which i s  w e l l  a d a p t e d  t o  a u t o m a t i c  com pu t ing .  The com pu ta ­
t i o n  i s  s e t  up so  a s  t o  y i e l d  s m a l l  s h i f t s  i n  t h e  p a r a m e t e r s  
which w i l l  m in im is e  t h e  q u a n t i t y  D which  i s  g iv e n  by
D =  £  W ( | F q | -  | F c | ) 2 = £  w A 2 , (28)
h k l  h k l
where  W = a w e i g h t i n g  f a c t o r  f o r  e ach  o b s e r v a t i o n  and t h e  
summation i s  o v e r  a l l  t h e  o b s e r v e d  r e f l e c t i o n s .
S in c e  I Fc I i s  a f u n c t i o n  o f  p a r a m e t e r s  • • • pn >
which may be s c a l e ,  p o s i t i o n a l  o r  t h e r m a l  p a r a m e t e r s ,  t h e  
c o n d i t i o n s  f o r  D t o  be a minimum a r e  t h e  e q u a t i o n s
A - ?  = 0 = V  w ^ ^ | Fc f o r  J = 1, 2 ,  . . .  n. (29)
* Pj  h k l  “P "
There  a r e  n su c h  e q u a t i o n s  c o r r e s p o n d i n g  t o  t h e  n p o s s i b l e  
v a l u e s  o f  j .  S in c e  f o r  e a c h  atom which  i s  r e f i n e d  
a n i s o t r o p i e a l l y , t h e r e  a r e  n i n e  p a r a m e t e r s  and  f o r  e ach  
atom which  i s  r e f i n e d  i s o t r o p i c a l l y , t h e r e  a r e  f o u r  p a r a m e t e r s ,  
i t  can  be s e e n  t h a t  n w i l l  u s u a l l y  be a l a r g e  number i n  most
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c r y s t a l  s t r u c t u r e  a n a l y s e s .  The F o u r i e r  s y n t h e s e s  p r o v i d e
s a t i s f a c t o r y  e s t i m a t e s ,  a . ,  f o r  t h e  v a l u e s  o f  p a r a m e t e r s ,
P . ,  and  t h u s  p r o v i d e  a good s t a r t i n g  p o i n t  f o r  t h e  l e a s t  J
s q u a r e s  a n a l y s i s ,  w h ich ,  i n  t u r n ,  s u p p l i e s  t h e  v a l u e s  f o r
t h e  s m a l l  c h a n g e s ,  A P . ,  i n  t h e  v a l u e s  o f  t h e  p a r a m e t e r s ,
P . ,  su c h  t h a t  a b e t t e r  a p p r o x i m a t i o n ,  a . , f o r  t h e  v a l u e  J 3
o f  t h e  p a r a m e t e r s ,  P ^  , can  be o b t a i n e d ,
i . e .  a 7 = a .  + A p  . , j  = 1 , 2 ,  . . . n  (30)
3 3 3
The f u n c t i o n  | F | can  now be e x p r e s s e d  a s  a T a y lo r  s e r i e s ,o
which  i s  t r u n c a t e d  a f t e r  t h e  l i n e a r  t e rm  t o  make t h e  
s u b s e q u e n t  c a l c u l a t i o n s  more m an a g ea b le :
Pc ^P 1 1^2*   Pn I I Pc (a l  * a 2 * a n^
+ £  Fc 1 £ p±. ( 3 D
1 = 1  b  p .i
S u b s t i t u t i n g  e q u a t i o n  (31) i n  e q u a t i o n  (29) g i v e s ,  on 
r e a r r a n g e m e n t :
F i 
c . (32)
i = l  h k l  H  dPj  1 ht i  ^ p j
The s y s te m  o f  n e q u a t i o n  i n  (32) c o r r e s p o n d s  t o  t h e  n 
norm al  e q u a t i o n s  f o r  t h e  ’’b e s t ” v a l u e s  o f  A p ± and may 
be r e w r i t t e n  a s :
Z a .  . A ? -  “  C, (33)1J 1 J
i
o r ,  i n  m a t r i x  n o t a t i o n ,  a s :
A . A p  = C (34)
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H aving  o b t a i n e d  t h e  l e a s t  s q u a r e s  s o l u t i o n  from one 
c y c l e ,  i . e .  t h e  v a l u e s  o f  s h i f t s  A p ^,  i t  i s  u s u a l l y  n e c e s s ­
a r y  t o  p e r f o r m  s e v e r a l  c y c l e s  o f  l e a s t - s q u a r e s  b e f o r e  t h e r e  
i s  c o n v e r g e n c e .  T h is  i s  b e c a u s e  t h e  T a y lo r  s e r i e s ,  which
( e q u a t i o n  (31 ))  and so  t h e  ’ b e s t  v a l u e s ’ o f  t h e  p a r a m e t e r s  
a r e  n o t  g i v e n  a f t e r  one c y c l e .
The c r y s t a l l o g r a p h i c  l e a s t  s q u a r e s  r e f i n e m e n t  can 
u t i l i s e  e i t h e r  b l o c k  d i a g o n a l  o r  f u l l  m a t r i x  m ethods .  The 
l a t t e r  i s  t h e  p r e f e r r e d  a p p ro a c h  a s  t h e  f u l l  m a t r i x  t e c h n i q u e  
has  b e t t e r  c o n v e r g e n c e  p r o p e r t i e s  and  a l s o  s u p p l i e s  u s e f u l  
i n f o r m a t i o n  on t h e  i n t e r p e n d e n c e  or  c o r r e l a t i o n  o f  p a r a m e t e r s  
u se d  i n  t h e  l e a s t  s q u a r e s  a n a l y s i s ,  b u t  i t  i s  i m p o r t a n t  t o  
n o t e  t h a t  i t  p l a c e s  g r e a t e r  demands on com pu te r  r e s o u r c e s .
Once t h e  optimum v a l u e s  o f  t h e  p a r a m e t e r s ,  P . ,  haveJ
been o b t a i n e d ,  i t  i s  i m p o r t a n t  t o  o b t a i n  a m ea su re  o f  t h e  
e r r o r  i n  su c h  v a l u e s  and  t h i s  i s  a c c o m p l i s h e d  by c a l c u l a t i n g  
t h e  s t a n d a r d  d e v i a t i o n ,  O , f o r  e ac h  p a r a m e t e r  i n  t h e  
f o l l o w i n g  w a y :
r e l a t e s F t o  t h e  p a r a m e t e r s ,  P . ,  ha s  been  t r u n c a t e d  c J
(35)
where G ( P . )  = e s t i m a t e d  s t a n d a r d  d e v i a t i o n  o f  p a r a m e t e r  P .
J J
1
( a ” ) . . = t h e  j  d i a g o n a l  e le m e n t  i n  t h e  i n v e r s e
m a t r i x  o f  A ( s e e  e q u a t i o n  ( 3 4 ) ) .
m = number o f  o b s e r v a t i o n s
n number o f  p a r a m e t e r s .
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From s t a t i s t i c a l  c o n s i d e r a t i o n s ,  t h e  p r o p e r  w e i g h t ,  W, s h o u l d  
be p r o p o r t i o n a l  t o  t h e  i n v e r s e  o f  t h e  s q u a r e  o f  t h e  s t a n d a r d  
d e v i a t i o n  o f  t h e  a m p l i t u d e  | f  ( h k l ) | , i . e .
1
W (h k l )  = -ry—---------- = , (36)
a  | F o (hkl)_|
where  t h e  s t a n d a r d  d e v i a t i o n s  can  be e s t i m a t e d  by making 
r e p e a t e d  m ea su rem en ts  o f  e ac h  r e f l e c t i o n ,  which  i s  c l e a r l y  
n o t  f e a s i b l e .  I t  i s  t h e r e f o r e  c u s to m a ry  t o  u s e  e m p i r i c a l  
w e i g h t i n g  schemes which  a r e  d e s i g n e d  so  a s  t o  m in im is e  t h e
A  2 o ve r  a r a n g e  o f  m a g n i tu d e s
o f  I F land s i n  0 .1 o
The l e a s t  s q u a r e s  r e f i n e m e n t  p r o c e s s  i s  f o l l o w e d  by 
com put ing  t h e  w e i g h te d  r e s i d u a l  R a t  e ac h  s t a g e :
R - I» ’I F„ I - 1 F, D
I >  "  ' 2
2
(37)
o  1
I f  t h e  r e f i n m e n t  p r o c e s s  i s  g i v i n g  a p r o g r e s s i v e l y  more 
a c c u r a t e  e l e c t r o n  d e n s i t y  map, t h e n  R s h o u l d  d e c r e a s e  
s t e a d i l y .
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CHAPTER EIGHT
An X - r a y  a n a l y s i s  o f  1 T8 - d i m e t h y l - 2 - n a p h t h y l  a c e t a t e .
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8 . 1  I n t r o d u c t i o n
In t h e  n a p h t h a l e n e  m o le c u l e ,  t h e  1-and 8 - p o s i t i o n s  a r e  
s a i d  t o  be p e r i  t o  e ach  o t h e r  and s u b s t i t u e n t s  l o c a t e d  a t  
t h e s e  p o s i t i o n s  a r e  i n  much c l o s e r  p r o x i m i t y  t h a n  s i m i l a r  
s u b s t i t u e n t s  l o c a t e d  o r t h o  t o  e ach  o t h e r .  T h is  c l o s e r  
p r o x i m i t y  h a s  been  r e s p o n s i b l e  f o r  t h e  a p p e a r a n c e  o f  s e v e r a l  
u n iq u e  p r o p e r t i e s  o f  p e r i - s u b s t i t u t e d  n a p h t h a l e n e s ,  e . g .  
t h e  r e l a t i v e  e a s e  o f  a c i d - c a t a l y s e d  i s o m e r i s a t i o n  o f  1 , 8 -  
d i m e t h y l n a p h t h a l e n e  t o  t h e  1 , 7 - i s o m e r  compared t o  o t h e r  
d i m e t h y l n a p h t h a l e n e s  h a s  been  a t t r i b u t e d  t o  t h e  r e l i e f  o f  
s t r a i n  i n  t h e  l e a d i n g  t o  t h e  c a r b o n - 1  p r o t o n a t e d  d e r i v a t i v e . ^
P e r i - s t r a i n  can be r e l i e v e d  by f o u r  modes of  m o l e c u l a r  
2 , xd e f o r m a t i o n  -  (a)  s t r e t c h i n g  o f  bonds C1-C9 and C8-C9,
(b) i n - p l a n e  d e f l e c t i o n  o f  t h e  s u b s t i t u e n t s  su c h  t h a t  t h e  
C9-C8-C16 and  C9-C1-C11 v a l e n c y  a n g l e s  a r e  i n c r e a s e d  from 
t h e i r  e q u i l i b r i u m  v a l u e s  o f  120° ,  (c)  o u t - o f - p l a n e  b e n d in g
of  t h e  s u b s t i t u e n t s  on t h e  n a p h t h a l e n e  n u c l e u s ,  8 ^ ,  and  
(d) a d i s t o r t i o n  or  b u c k l i n g  o f  t h e  n u c l e u s  i t s e l f .  In 
many p e r i - s u b s t i t u t e d  n a p h t h a l e n e s ,  c o n s i d e r a b l e  i n - p l a n e  
and o u t - o f - p l a n e  d e v i a t i o n s  o f  t h e  e x o c y c l i c  bonds o c c u r ;  
r e p o r t e d  c a s e s  o f  n u c l e a r  d i s t o r t i o n s  a r e  r e l a t i v e l y  l i m i t e d .  
In such  m o l e c u l e s ,  two c o m p e t in g  i n f l u e n c e s  a r e  i n  o p e r a t i o n ,  
namely t h e  l o s s  on r e s o n a n c e  e n e rg y  due t o  n u c l e a r  d i s ­
t o r t i o n s  and  d e v i a t i o n  o f  s u b s t i t u e n t s  f rom t h e  mean 
m o le c u l a r  p l a n e  on one hand and t h e  d e c r e a s e  i n  s t e r i c  s t r a i n  
e n e rgy  on t h e  o t h e r .
In  n a p h t h a l e n e ,  t h e  d i s t a n c e  be tw een  t h e  p e r i - c a r b o n
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atoms i s  o n ly  a b o u t  2 . 4 - 2 . 5  8. In a r o m a t i c  m o l e c u l e s ,  t h e  
norm al  nonbonded C . . .  C d i s t a n c e  i s  a b o u t  3 . 0  A. I t  i s  
t h e r e f o r e  l o g i c a l  t o  e x p e c t  t h a t  w i t h  s u b s t i t u e n t s  o t h e r  
t h a n  hy d ro g en  a t  t h e  p e r i  p o s i t i o n s  i n  n a p h t h a l e n e ,  t h e r e  
w i l l  be c o n s i d e r a b l e  s t e r i c  i n t e r a c t i o n .
The c r y s t a l l o g r a p h i c  s t u d y  o f  1 , 8 - d i m e t h y l - 2 - n a p h t h y l  
3
a c e t a t e  ( I )  was u n d e r t a k e n  so  t h a t  some l i g h t  may be th row n  
on t h e  n a t u r e  o f  t h e  p e r i  i n t e r a c t i o n  and  t h e  mechanism by 
which t h e  s t e r i c  s t r a i n  i s  m in im is e d .  T h i s ,  i n  t u r n ,  may
CHCH
71
6
5 4
I
h e lp  t o  e x p l a i n  t h e  e f f e c t  o f  t h e  p e r i - s t r a i n  on t h e  r a t e  
of  t h e  a u t o x i d a t i o n  o f  s u b s t i t u t e d  2 - n a p h t h o l s  The o r d e r  
of  r e a c t i v i t y  o f  t h e  2 - n a p h t h o l s  known t o  a u t o x i d i s e  was
4
found t o  b e ,
1 - M e ( in e r t )  «  1 - E t h y l  «  1 - c - h e x y l  < 1 - i s o p r o p y l  
< 1 , 8 - d i m e t h y l  < 1 - t - b u t y l .
Brady and C a r n d u f f ^  p r o p o s e d  t h a t  t h e  m ajo r  f a c t o r  c o n t r o l l ­
in g  t h e  o v e r a l l  r a t e  o f  t h e  a u t o x i d a t i o n  o f  s u b s t i t u t e d
2 - n a p h t h o l s ,  which  show t h e  c h a r a c t e r i s t i c s  o f  a r a d i c a l  
c h a in  p r o c e s s ,  i s  t h e  d e g r e e  o f  s t e r i c  s t r a i n  w i t h i n  t h e  
m o le c u le ,  and  e s p e c i a l l y  t h e  m ag n i tu d e  o f  t h e  p e r i - i n t e r a c t i o n  
between s u b s t i t u e n t s  a t  Cl and C8 a n d / o r  C4 and  C5. T h i s
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p e r i - i n t e r a c t i o n  i s  a b s e n t  i n  t h e  l - h y d r o p e r o x y - 2 ( 1 H ) -  
n a p h t h a l e n o n e s  (2) p ro d u c e d  i n  t h e  a u t o x i d a t i o n  r e a c t i o n s .  
The r e s u l t i n g  s t r a i n  r e l i e f  i s  t h o u g h t  t o  be t h e  f a c t o r  
c o n t r o l l i n g  t h e  r a t e s .
° 2 ,  C6h 6
R.T.
OOH
On a c c o u n t  o f  t h e  f a c t  t h a t  l , 8 - d i m e t h y l - 2 - n a p h t h o l  
w i l l  a u t o x i d i s e  r e a d i l y ,  t h e  X -ray  c r y s t a l  s t r u c t u r e  
a n a l y s i s  was p e r f o r m e d  on t h e  a c e t a t e  o f  t h e  n a p h t h o l ,  s i n c e  
t h e  f i r s t  s t e p  i n  t h e  r e a c t i o n  i s  t h e  h o m o ly t i c  f i s s i o n  o f  
t h e  0-H bond.
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8 . 2 .  E x p e r i m e n t a l
C r y s t a l  Data
CHc h .
•CH.
l , 8 - D i m e t h y l - 2 - n a p h t h y l  a c e t a t e :  ^ i 4 ^ 2 H14
U n i t  C e l l  D i m e n s io n s : 
a = 
b =
o
9 .5 4  A
6 .6 3  A
= 1 9 .87  A
C* = 9 0 .0 °
P= 1 1 0 .2 °
y =  9 0 .0 °
Space Group
M
V
Dm
Dc
X
[1 (Mo K*)
F (000)
Z
P 2 i / C  (C°h)
214 a .m .u .
o ^
1180 A
1 .1 8  g cm
1 .2 1  g cm 
o
0 .7 1 0 7  A 
0 . 8 6  cm 
456 
4
-3
- 3
The s p a c e  g ro up  was u n i q u e l y  d e t e r m i n e d  by t h e  s y s t e m a t i c  
a b s e n c e s :
hOl when 1 = 2n +1 and OkO when k = 2n +1. The c r y s t a l  
u se d  i n  t h i s  a n a l y s i s  was a n e e d l e  o f  d im e n s io n s  1 .5  x
1 .0  x 0 . 5  mm .
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Data C o l l e c t i o n
P r e c e s s i o n  p h o t o g r a p h s  were  u s e d  t o  m easu re  t h e  c e l l  
d im e n s io n s  and t o  d e t e r m i n e  t h e  s p a c e  g ro up .  The c r y s t a l  
was t h e n  mounted  and  a l i g n e d  on t h e  g o n io m e te r  h e ad  o f  a 
H i l g e r  and W at ts  Y290 c o m p u t e r - c o n t r o l l e d  f o u r - c i r c l e  
d i f f r a c t o m e t e r .  The c e l l  d im e n s io n s  q u o te d  i n  the  c r y s t a l  
d a t a  a r e  t h o s e  o b t a i n e d  from a l e a s t - s q u a r e s  a n a l y s i s  o f  
t h e  a n g u l a r  s e t t i n g s  o f  12 r e f l e c t i o n s .  The i n t e n s i t i e s  
were  o b t a i n e d  by t h e  CJ-20 s t e p  s c a n  p r o c e d u r e  which  
c o n s i s t e d  o f  f o r t y  s t e p s  o f  0 . 0 2 °  a t  2 s e c . / s t e p  w i t h  b a c k ­
ground  c o u n t s  f o r  20 s e c o n d s  a t  e ach  end o f  t h e  s c a n  r a n g e  
and p e r i o d i c  m o n i t o r i n g  o f  two s t a n d a r d  r e f l e c t i o n s .  The 
i n t e g r a t e d  i n t e n s i t y ,  I o f  a r e f l e c t i o n  can  be c a l c u l a t e d  
from t h e  p e a k ,  P, and b a ck g ro u nd  B l ,  B2, c o u n t s  u s i n g  
e q u a t i o n  (1) :
t
I  = P -  (Bl + B2) . — £ (1)
w here  t  = c o u n t i n g  t im e  a t  p eak
and  t ^  = c o u n t i n g  t im e  f o r  one o f  t h e  b a ck g ro u n d
c o u n t s  (b o th  t h e  s a m e ) ,
and t h e  s t a n d a r d  d e v i a t i o n  o f  I ( O D > can  be o b t a i n e d  from
e q u a t i o n  ( 2 ) :
t  1
ax = ( P + (Bl  + B2) ) 2 (2)
The i n t e g r a t e d  i n t e n s i t i e s  ( I )  o f  1877 in d e p e n d e n t  
r e f l e c t i o n s  (20 \< 52°)  w i t h  I >/2 0 ( 1 )  w ere  o b t a i n e d .
Reduced beam i n t e n s i t y  was employed t o  r e m e a s u r e  t h e  
r e f l e c t i o n s  f o r  w hich  20 N< 16° i n  o r d e r  t o  c o r r e c t  f o r  c o u n t e r  
s a t u r a t i o n  e r r o r s .  No c o r r e c t i o n  f o r  a b s o r p t i o n  was a p p l i e d .
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S t r u c t u r e  A n a l y s i s
The a to m ic  c o o r d i n a t e s  o f  a l l  t h e  n o n -h y d ro g e n  atoms
were  o b t a i n e d  by t h e  m u l t i s o l u t i o n  d i r e c t  p h a s e  d e t e r m i n i n g
programme MULTAN. I E I v a l u e s  were  d e r i v e d  from t h e
i n t e n s i t i e s ,  on t h e  b a s i s  o f  an o v e r a l l  i s o t r o p i c  t e m p e r a t u r e  
o ^
f a c t o r  B 3 .8 0  A , and t r i p l e t  r e l a t i o n s h i p s  were  g e n e r a t e d  
f o r  t h e  200 r e f l e c t i o n s  w i t h  I E I >, 1 . 5 .  The s t a r t i n g
s e t  o f  7 r e f l e c t i o n s ,  which c o n s i s t e d  o f  t h r e e  t o  d e f i n e  
t h e  o r i g i n  and f o u r  r e f l e c t i o n s  t o  which t h e  v a l u e s  o f  0 and  
TT were  g i v e n ,  were  s e l e c t e d  by t h e  programme (T ab le  1 ) .
T h is  p r o c e d u r e  gave s i x t e e n  p o s s i b l e  p h a s e  s e t s  which  were  
t h e n  c a l c u l a t e d  f o r  t h e  200 r e f l e c t i o n s  w i t h  t h e  l a r g e s t  
v a l u e s  o f  | E | and  an E-map computed from t h e  s e t  show ing  
t h e  h i g h e s t  combined f i g u r e  o f  m e r i t  r e v e a l e d  a l l  t h e  non­
hyd ro g en  a tom s .
The i n i t i a l  s t r u c t u r e - f a c t o r  c a l c u l a t i o n  gave an R 
o f  29.8% and t h r e e  c y c l e s  o f  f u l l - m a t r i x  l e a s t - s q u a r e s  
r e f i n e m e n t ,  u s i n g  t h e  1824 i n d e p e n d e n t  s t r u c t u r e  a m p l i t u d e s  
f o r  which  | F | >, 4 O ( | Fq | ) w i t h  i s o t r o p i c  t h e r m a l
p a r a m e t e r s ,  l o w e re d  R t o  16.7%. S u b seq u e n t  c a l c u l a t i o n s  
w i th  a n i s o t r o p i c  t h e r m a l  p a r a m e t e r s  r e d u c e d  R f u r t h e r  t o  
10.4%. A f t e r  making  a l l o w a n c e  f o r  e r r o r s  c a u s e d  by c o u n t e r  
s a t u r a t i o n ,  R was 9.7%. A d i f f e r e n c e  e l e c t r o n - d e n s i t y  
d i s t r i b u t i o n  r e v e a l e d  t h e  s i t e s  o f  t h e  h y d ro g en  a to m s ,  
which were  t h e n  i n c l u d e d  i n  t h e  l e a s t - s q u a r e s  c a l c u l a t i o n s  
w i th  i s o t r o p i c  t h e r m a l  p a r a m e t e r s  and c o n v e r g e n c e  was 
r e a c h e d  a t  6.6%. The w e i g h t i n g  scheme employed was 
CO = 1 / (A  + B If I + C | f | 2 ) w i t h  A = 0 . 1 5 0 8 ,  B = - 0 . 0 0 5 1
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and C = 0 . 0 0 3 8 .  The v a l u e s  o f  c o n s t a n t s  A, B and C were
2
c h o se n  so  t h a t  t h e  d e v i a t i o n  from U) A o v e r  t h e  r a n g e  o f
I F I and  s i n  0 was m in im is e d .  The r e f i n e m e n t  then ' o
c o n v e r g e d  a t  R = 6.1%. The r a t i o  o f  o b s e r v a t i o n s  t o
p a r a m e t e r s  was 9 t o  1.
8 . 3  R e s u l t s
The a to m ic  c o o r d i n a t e s ,  t h e r m a l  p a r a m e t e r s ,  bond 
l e n g t h s ,  v a l e n c y  a n g l e s ,  t o r s i o n  a n g l e s ,  d e v i a t i o n s  o f  
t h e  a tom s from t h e  v a r i o u s  p l a n e s  i n  t h e  m o l e c u l e s  and 
a l i s t i n g  o f  t h e  o b s e r v e d  and c a l c u l a t e d  s t r u c t u r e  f a c t o r s  
a r e  g i v e n  i n  T a b l e s  2 - 8 .  The m o le c u l a r  and c r y s t a l  
s t r u c t u r e s  a r e  shown i n  F i g u r e s  1 and 2.
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T a b le  2 : F r a c t i o n a l  a to m ic  c o o r d i n a t e s  ( x  10^) w i t h  e s t i m a t e d
standard, d e v i a t i o n s  i n  p a r e n t h e s e s *
The h y d r o g e n  atom s a r e  numbered a c c o r d in g  t o  t h e  
atom s t o  w h ich  t h e y  a r e  a t ta c h e d #
The t a b l e  sh o w s:
At om x  y  z
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T a b le  3 :  Thermal pa ,ram eters (x lO ^) w i th  e . s . d . ’ s  i n  p a r e n t h e s e s .
Carbon and o x y g en  v a l u e s  a r e  a n i s o t r o p i c *
H ydrogen v a l u e s  a r e  i s o t r o p i c *
The a n i s o t r o p i c  t e m p e r a tu r e  f a c t o r  e x p r e s s i o n  u s e d  was 
o f  t h e  form d e s c r i b e d  b y  e q u a t io n  ( 1 2 )  i n  c h a p t e r  s e v e n ,  
t h e  c o e f f i c i e n t s  b e in g  i n  term s  o f  t h e  mean sq u a r e  
a m p l i t u d e s  o f  v i b r a t i o n
The t a b l e  s h o w s :
Atom Uu  or  U U22 U12 U13 U23
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Table 4 I n tr a m o le c u la r  bonded d i s t a n c e s  
sta n d a r d  d e v i a t i o n s  (a n g str o m s)
X 7) X r-. 00 © r-H x X _n o fH ro
rvj o j rvj o j OJ CVJ M 4 ro ro 4- ro 4 x 4
• —■r
>— O  Si > ro ro X f"- N. o 4 o rvj ro r>-
cn S i X o cr in 00 CVI 4 CVJ ro r-H 00 m O
•—« O  - i o J* o o O' o o X o o
o •  • • • • • • • • • • • • • •TI H o o rH O rH o © r-H o -—4H
OJz rH CVJro f-H CVJro f H CVJo 4- x H H rH ro ro ro X >0f - H  r H ro 4 in r -^ H f H rH rH r H r-H r—H4 o  o x x E x X r X X X X X X X
o CVJ CVJ rH r^ H f-H ro ro ro X(— rH H rO 4 X >0 i*- r^ H r-H r-H H r—H *H fH f-H
C J v j J U 3 o C J o C J u D 3 <-> X
OJ 0J ro <o M CVJ o OJ o O CVJ 4 OJ ro
• v—r _ s r w '—r ■*—» r "»’ *—*■
h- S ' CVJ 4" T' ro fH OJ 4 r - ■o o X o CVJ
J) X  4* r-H X ■H X i-H 4 r—H O X ro rH CVJ >
►H CO 4 ro 4 ro ro X ro 4 in 4 4
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<  -j o  ■ j  o  j  j  o  o  j  o  u  o  s> u  o
(a n g str o m s)  w ith  
in  p a r e n th e s e s *
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T a b le  5 s V a le n c y  a n g l e s  ( d e g r e e s )  w i t h  t h e  s ta n d a r d  d e v i a t i o n s  
( d e g r e e s )  i n  p a r e n t h e s e s .
4 ro 4 X X OJ r*- r"> ro rH 4 X OJ
rH OJ OJ r-H OJ iH fH rH OJ •H <H rH rH rH rH OJ OJ OJ f H ro X OJ X ro
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< 3 3 3 3 3 3 3 3 3 3 3 o 3 3 3 3 3 3 3 3 3 3 3 3 3 3
X X OJ X OJ OJ X OJ OJ X
3 rH 4 4 © X X OJ fH fH fH X X X X X X
I— fH fH r-H rH r- fH X O O ' H rH X 4 X X f*- r-H fH r-H rH H fH rH fH r-H
< 3 D 3 3 3 3 3 3 3 3 3 3 x X x X X XX X XX XXXX
f-* fH 4 X 5 JD D J' X o 4 4 X o © X
fH rH fH OJ OJ OJ CVI rH fH r-H OJ OJ fH rH rH i—H fH rH fH ro OJ OJ X OJ OJ X
wr wr w wr wr wr wr wr wr w -w- wr wr wr wr wr wr w wr wr >w -w* -wr —*
P*- -H o OJ O' 4* OJ ro X X p- rH X r*- r^ . > X X 4- n X © OJ X X OJ
r- 4 -0 X) o X *w X X © X © m -H •■H AJ X AJ H © X OJ O ' X
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r— H  H  OJ X X X O' H *H H X 4 X X S'N- fH H rH r-H -H —H rH H f H
< 3  3  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
T OJ fH X -H X X —< X X
O fH O X © © 4 X rH rH fH X X X X X X
h- JN rH X 4 fH X fH H rH X rH H X 4 X X f'- fH rH rH —t H -H rH fH ■H
< 3 3 3 3 3 3 3 3 3 3 O o X X X X X X r X X X r X X X
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T a b le  6 : T o r s i o n  a n g l e s  ( d e g r e e s )  with, t h e  s t a n d a r d  d e v i a t i o n :
(d .eg rees )  i n  p a r e n t h e s e s .
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T a b le  8 : F i n a l  s t r u c t u r e  f a c t o r s
The ta b l'e  s h o w s :
L* | f J  | f J  (P h a s e )
* R e f l e c t i o n s  s o r t e d  i n t o  g r o u p s  w i t h  common 
H,K i n d i c e s  (shown i n  each  group h e a d in g )
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Figure 1 : A view of 1 ,8-dimethyl-2-naphthyl a c e t a t e .
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Figure 2 : C r y s t a l  packing;
A v i e w  down t h e  h a x i s
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8 . 4  D i s c u s s i o n  o f  R e s u l t s
The o v e r a l l  geom etry  o f  1 , 8 - d i m e t h y 1 - 2 - n a p h t h y l  
a c e t a t e  (1,8-DMNA) d i f f e r s  s i g n i f i c a n t l y  from t h a t  o f
5
n a p h t h a l e n e  b u t  i s  v e ry  s i m i l a r  t o  t h a t  o b s e r v e d  i n
0
1 , 8 - d i m e t h y l - n a p h t h a l e n e  (1,8-DMN) ( F i g u r e s  1 and  3 ) .  T h is  
would imply  t h a t  t h e  a d d i t i o n  o f  s u b s t i t u e n t s  on t h e  n a p h t h a ­
l e n e  n u c l e u s  i n  p o s i t i o n s  1 and  8 h a s  i n t r o d u c e d  a d d i t i o n a l  
s t r a i n  in to  t h e  s y s te m  a s  a r e s u l t  o f  t h e  s t r o n g  nonbonded 
i n t e r a c t i o n s  be tw een  t h e  m e th y l  s u b s t i t u e n t s .
The most  marked d i s t o r t i o n s  o c c u r  a t  t h e  j u n c t i o n  o f  
t h e  two benze n e  r i n g s  i n  t h e  n a p h t h a l e n e  n u c l e u s .  The 
C1-C9-C8 v a l e n c e  a n g l e  i n  1,8-DMNA i s  1 2 5 .9 °  compared t o  
1 2 5 . 2 °  i n  1,8-DMN. The C1-C9 and C8-C9 bond l e n g t h s  a r e  
o b s e r v e d  t o  be s i g n i f i c a n t l y  l o n g e r  t h a n  t h e  c o r r e s p o n d i n g  
bond d i s t a n c e s  i n  n a p h t h a l e n e ,  w h i l e  t h e  C4-C10 and C5-C10 
bond l e n g t h s  a r e  fou n d  t o  be c o r r e s p o n d i n g l y  s h o r t e n e d .
In  1,8-DMNA, t h e  i n n e r  v a l e n c e  a n g l e s  C9-C1-C11 and 
C9-C8-C16 a r e  i n c r e a s e d  from t h e  i d e a l  120° t o  1 2 4 .1 °  and 
1 2 4 . 8 °  r e s p e c t i v e l y ,  w h i l e  t h e  o u t e r  a n g l e s  C2-C1-C11 and 
C7-C8-C12 a r e  d e c r e a s e d  t o  1 1 8 .1 °  and  1 1 6 .2 °  r e s p e c t i v e l y .
The C9-C1-C11 v a l e n c e  a n g l e  i s  s m a l l e r  t h a n  t h e  C9-C8-C16 
v a l e n c e  a n g l e ,  i n  1,8-DMNA, b e c a u s e  f u r t h e r  o p e n in g  o f  t h e  
fo rm er  a n g l e  would l e a d  t o  more r e p u l s i v e  i n t e r a c t i o n s  
be tw een  t h e  o u t e r  h y d ro gen  on C11(H113) and  t h e  s u b s t i t u e n t  
on C2. In  1,8-DMN, t h e  i n n e r  a n g l e  i s  i n c r e a s e d  t o  1 2 4 . 8 °  
and  t h e  o u t e r  a n g l e  i s  d e c r e a s e d  t o  1 1 6 . 2 ° .  The a f o r e ­
m e n t io n e d  d e f o r m a t i o n s  r e s u l t  i n  t h e  Cl  . . .  C8 and  C l l  . . .
o o
C16 nonbonded d i s t a n c e s  b e i n g  2 .5 6 5  A and 2 .9 6 5  A r e s p e c t i v e l y
-  292 -
F ig u r e  3 1 1 8 - d i m e t h , y l - n a p h t h a l  ene
A p i c a l  v a l u e s  Bond a n g l e s  ( S )
O t h e r s  Bond l e n g t h s  ( ° )
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o o
i n  1,8-DMNA, and 2 .5 4 3  A, and 2 .9 3 2  A, r e s p e c t i v e l y  in
o
1,8-DMN, a s  compared t o  2 .4 4  A, which  i s  t h e  c o r r e s p o n d i n g  
v a l u e  f o r  t h e s e  d i s t a n c e s  i n  n a p h t h a l e n e .
The n a p h t h a l e n e  n u c l e u s  i n  1,8-DMNA i s  e s s e n t i a l l y
p l a n a r  (T a b le  6) a s  t h e  maximum r i n g  t o r s i o n  a n g l e  (CO)
i s  3 ° ,  w i t h  t h e  sum o f  t h e  a b s o l u t e  v a l u e s  o f  t h e  t o r s i o n
a n g l e s , Zliol,  b e in g  18° and t h e  sum o f  t h e  s i g n e d  v a l u e s
o f  t h e  t o r s i o n  a n g l e s , b e in g  0 ° .  The l a r g e s t  d i s -
o
p l a c e m e n t s  from t h e  mean p l a n e  o f  t h e  r i n g  i s  0 . 0 4  A a t  
o
C6 and - 0 . 0 3  A a t  C8 (T ab le  7 ) .  The l a r g e s t  d e v i a t i o n  from
o
t h e  b e s t  l e a s t - s q u a r e s  p l a n e  i n  1,8-DMN i s  c a . 0 . 0 2  A.
Thus t h e  s t e r i c  s t r a i n ,  r e s u l t i n g  from p e r i - i n t e r a c t i o n s , 
w i l l  n o t  be r e l i e v e d  by a b u c k l i n g  o f  t h e  n a p h t h a l e n e  
n u c l e u s ,  i n  t h e s e  m o l e c u l e s .  The s u b s t i t u e n t s  on C l ,  C2 
and  C8 i n  1,8-DMNA d e v i a t e  f rom t h e  mean p l a n e  o f  t h e
n a p h t h a l e n e  n u c l e u s .  The C16 atom d e v i a t e s  from t h e  mean
o o
p l a n e  by - 0 . 1 3 4  A, t h e  C l l  a tom d e v i a t e s  t o  +0.099 A, and
o
014 atom by - 0 . 0 5 8  A, i . e .  t h e  C16 and 014 a tom s d e v i a t e  
f rom t h e  mean p l a n e  i n  an o p p o s i t e  d i r e c t i o n  from C l l  a s  
t h i s  would  h e l p  t o  d e c r e a s e  t h e  r e p u l s i v e - i n t e r a c t i o n s  
be tw een  t h e  s u b s t i t u e n t s .  In a d d i t i o n ,  t h e  c a r b o n  a tom s 
b e a r i n g  t h e  m e th y l  g ro u p s  a r e  a l s o  f o r c e d  o u t  o f  t h e  p l a n e  
o f  t h e  m o le c u le  i n  t h e  d i r e c t i o n  o f  t h e  s u b s t i t u e n t  (T a b le  
7 ) ,  r e s u l t i n g  i n  s l i g h t  n u c l e a r  d i s t o r t i o n s .  T h i s  o u t - o f -
7
p l a n e  d e f l e c t i o n  e f f e c t  i s  o b s e r v e d  i n  1 , 8 - d i n i t r o n a p h t h a l e n e
8and  3 - b r o m o - l , 8 - d i m e t h y l n a p h t h a l e n e  b u t  n o t  i n  1^8-DMN.
T h is  must  be due t o  t h e  e x t r a  nonbonded i n t e r a c t i o n s  o f  t h e  
s u b s t i t u e n t  i n  p o s i t i o n  2 which  a r e  p r e s e n t  i n  1,&-DMNA b u t
-  2 9 5  -
a r e  a b s e n t  i n  1,8-DMN. In 1,8-DMNA, t h e  a n g l e  be tw een  t h e  
p l a n e s  d e f i n e d  by C11,C1,C8 and  C16,C8,C1 i s  6 ° ,  which 
p r o v i d e s  f u r t h e r  e v i d e n c e  o f  t h e  o u t - o f - p l a n e  b e n d in g  of  
t h e  s u b s t i t u e n t s  on Cl and C8 on o p p o s i t e  s i d e s  o f  t h e  
mean p l a n e  o f  t h e  n a p h t h a l e n e  r i n g .
The c o n f o r m a t i o n  o f  t h e  m e th y l  h y d ro gen  a tom s on C l l
and  C16 i n  1,8-DMNA and 1,8-DMN i s  u n e x p e c t e d .  The two
h y d ro g e n s  on t h e  o u t s i d e  o f  t h e  C . . .  C i n t e r a c t  ion  p r a c t i c a l l y
l i e  i n  t h e  p l a n e  o f  t h e  a r o m a t i c  r i n g s  w h i l e  t h e  o t h e r  f o u r
h y d r o g e n s  f a c e  e ac h  o t h e r  i n  p a i r s  su ch  t h a t  t h e  H . . .  H
o
d i s t a n c e s  a r e  c a .  2 . 0  A ( F i g u r e  4 ) .  S t r a i n  e n e r g y  m in im iz a -
g
t i o n  c a l c u l a t i o n s  have  shown t h a t  t h i s  i s  i n d e e d  t h e  most  
s t a b l e  c o n f i g u r a t i o n  f o r  t h e  m e th y l  g ro u p s .  T h i s  
c o n c l u s i o n  was a r r i v e d  a t  by s t a r t i n g  w i t h  d i f f e r e n t  s t a r t ­
i n g  o r i e n t a t i o n s  o f  t h e  m e th y l  g ro u p s .  The r e s u l t i n g  
m in im iz e d  g e o m e t r i e s  a l l  had t h e  same o r i e n t a t i o n  o f  t h e  
m e th y l  g ro u p s  a s  found  i n  t h e  two c r y s t a l  s t r u c t u r e s .  T h is  
c o n f i g u r a t i o n  t h e n  must  m in im ize  t h e  H . . .  H i n t e r a c t i o n s .
The c a l c u l a t i o n s  a l s o  i n d i c a t e  t h a t  t h e  f i x e d  o r i e n t a t i o n  
o f  t h e  m e th y l  g r o u p s  i n  t h e  c r y s t a l  s t r u c t u r e s  r e s u l t s  
from i n t r a -  r a t h e r  t h a n  i n t e r - m o l e c u l a r  f o r c e s .
T a b le  9 shows t h e  v a l u e s  o f  c e r t a i n  g e o m e t r i c  p a r a m e t e r s  
which  a r e  c o n s i d e r e d  t o  be i n d i c a t i v e  o f  p e r i - s t r a i n ,  f o r  a 
s e r i e s  o f  i n c r e a s i n g l y  crowded Cl a n d / o r  C8 s u b s t i t u t e d  
n a p h t h a l e n e s .  The o u t - o f - p l a n e  b e n d i n g , 15-| | + 
a p p e a r s  t o  be a lm o s t  random and a l t h o u g h  t h e  g e n e r a l  t r e n d  
o f  t h e  l e n g t h e n i n g  o f  bonds Cl -  C9 and  C8 -  C9 i s  u p w ards ,  
i t  i s  i r r e g u l a r ,  a s  i s  t h e  accom panying  r e d u c t i o n  i n  t h e
-  2 9 6  -
F ig u r e  4? A v ie w  o f  1 , 8-d im  e t h y l - 2 -n ap  h th .y l a c e t a t e  th r o u g h  
t h e  n a p h th a le n e  r i n g .
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C4-C10, C5-C10 bond l e n g t h s .  In c o n t r a s t ,  9 8 anc*
Cl . . .  C8 i i c r e a s e  sm o o th ly  w i t h  i n c r e a s i n g  c ro w d in g  o f  t h e  
s u b s t i t u e n t s  and a r e  t h e  o n ly  c o n s i s t e n t  i n d i c a t o r  o f  
s t e r i c  c ro w d in g  f o r  p e r i - s u b s t i t u t e d  n a p h t h a l e n e s .
9 10The c r y s t a l  s t r u c t u r e s  o f  1 - m e th y l  , 1 - i s o p r o p y l
3
and  l , 8 - d i m e t h y l - 2 - n a p h t h y l  a c e t a t e s  s u p p o r t  t h e  h y p o t h e s i s  
t h a t  t h e  r a t e  o f  a u t o x i d a t i o n  o f  t h e  c o r r e s p o n d i n g  n a p h t h o l s
4i s  d e p e n d e n t  on t h e  s t e r i c  s t r a i n  p r e s e n t .  I t  i s  however
p o s s i b l e  t h a t  a l t h o u g h  t h e  r e a c t i o n  i s  d r i v e n  by r e l i e f  o f
s t r a i n  when t h e  i n t e r m e d i a t e  i s  fo rm ed ,  s t e r i c  f a c t o r s ,  i n
p a r t i c u l a r  t h e  a c c e s s i b i l i t y  o f  t h e  r e a c t i o n  s i t e ,  may be
o f  some i m p o r t a n c e .  The d i f f e r e n c e  i n  c o n g e s t i o n  a t  t h e
r e a c t i o n  s i t e  would  i n c r e a s e  w i t h  t h e  s i z e  o f  t h e  a l k y l  g roup
and  would show a c o r r e s p o n d i n g  d e c r e a s e  i n  r a t e ,  i n  c o n t r a s t
t o  t h e  o b s e r v e d  i n c r e a s e  i n  r a t e .  The Wipke and Gund
12s t e r i c  c o n g e s t i o n  a l g o r i t h m ,  which  was d i s c u s s e d  i n  
C h a p te r  5 ,  was u s e d  t o  c h ec k  t h e  l a t t e r  p o i n t  and  no s i g ­
n i f i c a n t  i n c r e a s e  i n  c o n g e s t i o n  i n  p r o g r e s s i n g  from t h e  1-  
m e th y l  t o  t h e  1 , 8 - d i m e t h y l - 2 - n a p h t h y l  a c e t a t e  was found .
In o r d e r  t o  g a i n  some i d e a  o f  t h e  r e l a t i v e  e n e r g i e s  o f  t h e
1 - m e th y l  and  1 , 8 - d i m e t h y l  compounds were  computed  by
3
M.H.P.  Guy a t  t h e  U n i v e r s i t y  o f  Glasgow u s i n g  an  nd hoc 
f o r c e - f i e l d  and  t h e  1 - m e th y l  compound was fo un d  t o  be o f  
l o w e s t  s t r a i n - e n e r g y  and  4 . 5  k c a l . / m o l e  more s t a b l e  t h a n  
t h e  1 , 8 - d i m e t h y l  compound.
F i n a l l y ,  t h e r e  i s  no e v i d e n c e  t o  s u p p o r t  t h e  p r o p o s a l  
o f  B r i g h t  e t  a l  t h a t  p e r i - s t r a i n  be tw een  Cl and  C8 
s u b s t i t u e n t s  i s  t r a n s m i t t e d  t o  H4 and  H5 by a b u t t r e s s i n g
-  300 -
mechanism i n v o l v i n g  H2, H3, H6 and H7. Were t h i s  t h e  
c a s e  t h e n  one would e x p e c t  t o  f i n d  s y s t e m a t i c  d i s t o r t i o n s  
o f  t h e  bond a n g l e s  i n v o l v i n g  t h e s e  l a t t e r  f o u r  a tom s .
A l th o u g h  t h e  h y d ro gen  a toms a r e  r e l a t i v e l y  p o o r l y  d e f i n e d
by X -ra y  a n a l y s e s ,  t h e  f a c t  t h a t  no su ch  d i s t o r t i o n s  a r e
3 9 10fo u nd  i n  t h e  t h r e e  a l k y l - 2 - n a p h t h y l a c e t a t e s  * * ,
6 21,8-DMN and  1 , 8 - d i  (bromomethy1) n a p h t h a l e n e  makes t h i s
a rgu m en t  r e a s o n a b l y  c o n c l u s i v e .  In  any c a s e ,  i t  i s
e x t r e m e l y  u n l i k e l y  t h a t  t h i s  h y p o t h e t i c a l  s t r a i n  t r a n s m i s s i o n
s y s te m  would  c o n c e n t r a t e  i t s  e f f e c t  a t  H4 and H5 b u t  would
d i s t r i b u t e  i t ,  i n s o f a r  a s  was p o s s i b l e ,  amongst  a l l  t h e
n a p h t h a l e n i c  h y d r o g e n s .  The key t o  t h e  n o n - p a r a l l e l  C4-H4
and  C5-H5 v e c t o r s  i s  c o n t a i n e d  i n  t h e  l e n g t h e n i n g  o f  t h e
C1-C9 and C8-C9 bonds w i t h  a c o r r e s p o n d i n g  s h o r t e n i n g  o f
C4-C10 and C5-C10 -  t h i s  p u s h e s  C l l  and C16 a p a r t  and  H4
and  H5 t o g e t h e r  w i t h o u t  a f f e c t i n g  H2, H3, H6 o r  H7, su ch
t h a t ,  f o r  i n s t a n c e  H5, C5, C8 and C16 s t i l l  l i e  on a
s t r a i g h t  l i n e  and  such  would n o t  be t h e  c a s e  i f  a b u t t r e s s i n g
mechanism was o p e r a t i v e .
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CHAPTER NINE
The c r y s t a l  s t r u c t u r e  o f  b i c y c l o ( 4 * 4 «l ) '1J -n d eca n e-l16 - d . i o l «
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9 . 1  I n t r o d u c t i o n
X -ray  c r y s t a l  s t r u c t u r e  a n a l y s i s  ha s  p l a y e d  an
i m p o r t a n t  r o l e  i n  t h e  dev e lo pm en t  o f  c o n f o r m a t i o n a l  a n a l y s i s
o f  common- and m ed iu m -s ize d  c y c l o a l k a n e s . ^ T h is  t e c h n i q u e
g i v e s  v e ry  d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  geom e try  o f
s u i t a b l e  c r y s t a l l i n e  d e r i v a t i v e s  and  t h u s  e s t a b l i s h e s  t h e
most  s t a b l e  c o n f o r m a t i o n  t h a t  a p a r t i c u l a r  c y c l o a l k a n e  can
a d o p t  i n  t h e  s o l i d  s t a t e .  On a c c o u n t  o f  t h e  f a c t  t h a t
i n t r a m o l e c u l a r  f o r c e s  a r e  u s u a l l y  much s t r o n g e r  than  i n t e r -
m o l e c u l a r  f o r c e s ,  t h e  c o n f o r m a t i o n  a d o p te d  i n  t h e  s o l i d
s t a t e  i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  i n  s o l u t i o n  o r  i n  
2t h e  gas  p h a s e .  T h is  s t r u c t u r a l  i n f o r m a t i o n  i s  n o t  o n ly
o f  c h e m ic a l  i n t e r e s t  b u t  i t  a l s o  p r o v i d e s  a c c u r a t e  d a t a
that  a r e  e x t r e m e l y  u s e f u l  i n  t h e  p a r a m e t r i s a t i o n  o f  f o r c e -
f i e l d s ,  which  a r e  u s e d  i n  m o l e c u l a r  m e c h a n ic s  (MM)
c a l c u l a t i o n s .  The r e s u l t i n g  f o r c e - f i e l d s  can  t h e n  be u se d
t o  p r e d i c t ,  w i t h  a c e r t a i n  d e g r e e  o f  c o n f i d e n c e ,  g e o m e t r i c
and  therm odynam ic  p r o p e r t i e s  o f  t h e  r a p i d l y  i n c r e a s i n g
number o f  n a t u r a l l y  o c c u r r i n g  compounds t h a t  i n c o r p o r a t e
c y c l o a l k a n e s  i n t o  t h e i r  m o l e c u l a r  f ram ework .  T h i s  l a t t e r
t e c h n i q u e  o f  c a l c u l a t i n g  t h e  p r o b a b l e  p r e f e r r e d  c o n f o r m a t i o n
i s  much q u i c k e r  and  l e s s  e x p e n s i v e  t h a n  d e t e r m i n a t i o n  o f  i t
by X - ra y  d i f f r a c t i o n .  M oreover ,  t h e  p r e f e r r e d  c o n f o r m a t i o n
o f  a c y c l o a l k a n e  r i n g  c a n n o t  be d e t e r m i n e d  by X -ra y  c r y s t a l
s t r u c t u r e  a n a l y s i s  w i t h  c e r t a i n t y  i n  some c a s e s ,  a s  many o f
t h e  p o s s i b l e  c o n f o r m a t i o n s  a r e  a p p r o x i m a t e l y  i s o e n e r g e t i c
and t h e  o b s e r v e d  c o n f o r m a t i o n  depend s  on t h e  n a t u r e  and
3 4p o s i t i o n  o f  t h e  s u b s t i t u e n t s  on t h e  c y c l o a l k a n e  r i n g .  1
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I t  i s  now w id e ly  a c c e p t e d  t h a t  c o n f o r m a t i o n s  o f  
c y c l o h e p t a n e  e x i s t  i n  f a m i l i e s  o f  c h a i r s  and b o a t s  ( F i g u r e  1 ) .  
The two f a m i l i e s  a r e  s e p a r a t e d  by a p o t e n t i a l  e n e rg y  b a r r i e r  
o f  £ a .  8 k c a l . / m o l e  and t h e y  c o n t a i n  a number o f  f l e x i b l e
5
form s  which  a r e  r e a d i l y  i n t e r c o n v e r t i b l e .  The C form o f—s
t h e  c h a i r  h a s  an e x t r e m e l y  s e r i o u s  H . . . .  H r e p u l s i o n
a c r o s s  t h e  a x i a l  C3 and C6 p o s i t i o n s  which  i t  may r e l i e v e
by p s e u d o r o t a t i o n  t o  t h e  C,2 t w i s t - c h a i r .  T here  seems t o  
5 6be a g re e m e n t  * t h a t  t h e  most s t a b l e  c o n f o r m a t i o n  o f  
c y c l o h e p t a n e  i s  a c t u a l l y  t h e  Cg t w i s t - c h a i r  form,  which  h a s  
l e s s  t o r s i o n a l  s t r a i n  and  l e s s  nonbonded r e p u l s i o n s  t h a n  
t h e  C c h a i r .  For s i m i l a r  r e a s o n s ,  t h e  C0 t w i s t - b o a t  form—S
i s  more s t a b l e  t h a n  t h e  C§ b o a t .  The b o a t  f a m i l y  i s  l e s s
s t a b l e  t h a n  t h e  c h a i r  f a m i ly  by a b o u t  3 -4  k c a l . / m o l e .
W i th in  e ach  f a m i l y ,  t h e  C b o a t  o r  C c h a i r  c o n f o r m a t i o n s—s —s
a r e  e n e rg y  maxima 1-2  k c a l . / m o l e  above  t h e  t w i s t - m i n i m a .
On t h i s  b a s i s ,  H e n d r ic k s o n  p r e d i c t e d  t h a t  c y c l o h e p t a n e
p s e u d o r o t a t e s  i n  t h e  gas  p h a s e  a t  room t e m p e r a t u r e  and  t h e
f a c t  t h a t  t h e  c r y s t a l  s t r u c t u r e s  o f  c a l c i u m  c y c l o h e p t a n e -
7
c a r b o x y l a t e  p e n t a h y d r a t e  and 1 - a m i n o c y c l o h e p t a n e - l -
g
c a r b o x y l i c  a c i d  h y d ro b ro m id e  m onohydra te  a r e  d i s o r d e r e d  
and a p p e a r  t o  c o n t a i n  a m i x t u r e  o f  c o n f o r m a t i o n s  o f  t h e  
7 - r i n g  s u g g e s t  t h a t  t h i s  p r o c e s s  may a l s o  o c c u r  i n  t h e  
s o l i d  s t a t e  when t h e  h y d r o c a r b o n  i s  l i g h t l y  o r  n o n - s u b s t i t u t e d .
S e v e r a l  X -ray  a n a l y s e s  o f  n a t u r a l l y  o c c u r r i n g  g u i a n o l i d e s ,
which  c o n t a i n  c y c l o h e p t a n e  r i n g s  f u s e d  t o  c y c l o p e n t a n e  and
9 -1 3Y - l a c t o n e  r i n g s ,  have  been  p e r f o r m e d  and  t h e  r e s u l t s
i n d i c a t e  t h a t  t h e  c y c l o h e p t a n e  r i n g  does  n o t  a lw a y s  a d o p t
Chair Boat
F ig u r e  1 I
—2
T w i s t - c h a i r T w is t - b o a t
Major c o n f o r m a t i o n s  o f  c y c l o h e p t a n e .
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t h e  C2 t w i s t - c h a i r  form and ,  r e g a r d l e s s  o f  t h e  a c t u a l
c o n f o r m a t i o n  assum ed,  a p p r e c i a b l e  d e v i a t i o n s  f rom t h e
g
s y m m e t r i c a l  fo rm s have  been  n o t e d  -  t h e s e  two f e a t u r e s  o f  
t h e  c y c l o h e p t a n e  r i n g  in  c r y s t a l  s t r u c t u r e s  r e s u l t  f rom t h e  
s t e r i c  r e q u i r e m e n t s  o f  t h e  g r o s s  s t r u c t u r e s  b e in g  
accommodated.
I t  would  t h e r e f o r e  seem t h a t  t h e  minimum e n e rg y  
c o n f o r m a t i o n  (MEC) o f  c y c l o h e p t a n e  i s  o n ly  l i k e l y  t o  be 
o b s e r v e d  i n  t h e  c r y s t a l  s t r u c t u r e  o f  a s u i t a b l e  d e r i v a t i v e  
i n  which  t h e  7 - r i n g  i s  l o c k e d  i n t o  t h e  C2 t w i s t - c h a i r  MEC. 
I n s p e c t i o n  o f  D r e i d i n g  m odels  r e v e a l s  t h a t  two MEC 
c y c l o h e p t a n e  r i n g s  can  be 1 , 3 - f u s e d ,  i n  a c i s  m anner ,  t o  
fo rm  b i c y c l o ( 4 . 4 . l ) u n d e c a n e  w i t h  m in im a l  c h a n g e s  i n  t h e  
i n d i v i d u a l  7 - r i n g  c o n f o r m a t i o n s .  The c y c l o h e p t a n e  r i n g s  . 
w i l l  be l o c k e d  i n t o  t h e  C2 - s y m m e t r i c  t w i s t - c h a i r  form and ,  
b a r r i n g  t h e  i n t r o d u c t i o n  o f  any s e r i o u s  s t e r i c  c o m p r e s s io n  
by 1 , 3 - f u s i o n ,  t h i s  h y b r i d  c o n f o r m a t i o n  s h o u l d  a l s o  be t h e  
MEC o f  b i c y c l o ( 4 , 4 , l ) - u n d e c a n e .
An X - ray  c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  b i c y c l o ( 4 , 4 , 1 ) -  
14u n d e c a n e - 1 , 6 - d i o l  t h e r e f o r e  n o t  o n ly  p r o v i d e s  d e t a i l s  o f  
t h e  MEC o f  t h e  p a r e n t  h y d r o c a r b o n  b u t  a l s o  p r o v i d e s  
s t r u c t u r a l  d e t a i l s  o f  t h e  MEC o f  c y c l o h e p t a n e .  One m ig h t  
e x p e c t  a l s o  t h a t  t h e  c o n f o r m a t i o n  o f  t h e  1 0 - r i n g  would 
c o r r e s p o n d  t o  one o f  t h e  p r e v i o u s l y  s t u d i e d  p o s s i b i l i t e s
.  „ 9f o r  c y c l o d e c a n e .
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9 . 2  E x p e r i m e n t a l
C r y s t a l  Data  OH
OH
B i c y c l o ( 4 , 4 , 1 ) u n d e c a n e - 1 , 6 - d i o l : C HQ 0
11  2
U n i t  C e l l  D im ens ions
a = 1 1 .7 3  A C* = p  = y  = 9 0 . 0 °
b = 1 1 .7 3  X
c = 1 5 .4 7  %
Space Group P 4 32 12 (D®) o r  P 4 12 12 (D^)
M 1 8 4 .3  a .m .u .  
o 3
V 2129 A
Dm 1 .1 7  g cm"3
Dc 1 .1 5  g cm"3
X 0 .7 1 0 6 9  A
|l(M0 Ko. ) 0 . 8 3  cm"*
F (000) 816
Z 8
The p o s s i b l e  g ro u p s  were  d e t e r m i n e d  by t h e  s y s t e m a t i c  
a b s e n c e s :
hOO when h = 2n +1, OkO when k = 2n + 1  and  001 when 1 ^ 4n.
The c r y s t a l  u s e d  i n  t h i s  a n a l y s i s  was o f  d im e n s io n s
3
c a .  0 . 8  x 0 . 5  x 0 . 3  mm .
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Data C o l l e c t i o n
I n i t i a l  v a l u e s  f o r  t h e  c e l l  d i m e n s i o n s ,  o b t a i n e d  from 
p r e c e s s i o n  p h o t o g r a p h s ,  were  s u b s e q u e n t l y  a d j u s t e d  by a 
l e a s t - s q u a r e s  a n a l y s i s  o f  t h e  a n g u l a r  s e t t i n g s  f o r  a number 
o f  r e f l e c t i o n s  m easu red  on a H i l g e r  and  W at ts  Y290 f o u r -  
c i r c l e  c o m p u t e r - c o n t r o l l e d  d i f f r a c t o m e t e r .  The i n t e n s i t i e s  
o f  1087 in d e p e n d e n t  r e f l e c t i o n s  (9 < 30°) w i t h  I * >, 3 (j  ( D  
w ere  m ea su re d  by means o f  GO - 2 9  s c a n s  which  c o n s i s t e d  o f  40 
s t e p s  o f  0 . 0 2 °  a t  2 s e c . / s t e p ,  w i t h  b a ck g ro u n d  c o u n t s  f o r  
20 s e c o n d s  on e ach  s i d e  o f  p e ak  maximum and two s t a n d a r d  
r e f l e c t i o n s  b e i n g  m easu red  a f t e r  e v e r y  40 i n t e n s i t y  m e a s u r e ­
m en ts .
The d a t a  i n  t h e  r a n g e  29 >,< 16° were  a l s o  c o l l e c t e d  
w i t h  r e d u c e d  beam i n t e n s i t y  so  t h a t  a l l o w a n c e  c o u l d  be made 
f o r  c o u n t e r  e r r o r s .  No c o r r e c t i o n s  were  made f o r  
a b s o r p t i o n .
S t r u c t u r e  A n a l y s i s
The c o o r d i n a t e s  o f  a l l  t h e  c a r b o n  and  oxygen a toms
were  o b t a i n e d  from an  E-map c a l c u l a t e d  w i t h  t h e  s e t  o f  p h a s e s
h a v i n g  t h e  h i g h e s t  combined f i g u r e  o f  m e r i t  p r o d u c e d  by t h e
MULTAN d i r e c t  p h a s i n g  p ro g ram  f o r  t h e  s p a c e  g roup  P4g2^2.
N o r m a l i s e d  s t r u c t u r e  f a c t o r s  were  d e r i v e d  f rom t h e  i n t e n s i t i e s ,
o
on t h e  b a s i s  o f  an  o v e r a l l  i s o t r o p i c  t e m p e r a t u r e  B2.0013  A 
and  t h e  t r i p l e t  r e l a t i o n s h i p s  f o r  t h e  240 r e f l e c t i o n s  w i t h  
E >/ 1 . 2 .  The s t a r t i n g  s e t  o f  4 r e f l e c t i o n s  (T a b le  1) 
was s e l e c t e d  by t h e  p ro g ram  on t h e  b a s i s  t h a t  p h a s e s  w i t h  
a p r o b a b i l i t y  i n  e x c e s s  o f  0 . 9 5  w ere  a c c e p t a b l e  and  gave
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r i s e  t o  64 p h a s e  s e t s .
The i n i t i a l  s t r u c t u r e - f a c t o r  c a l c u l a t i o n  u s i n g  t h e  1060 
i n d e p e n d e n t  s t r u c t u r e  a m p l i t u d e s  f o r  which  | Fq | ^ 4 q  | F | 
gave  an  R o f  22.2% and f u l l - m a t r i x  l e a s t - s q u a r e s  a d j u s t ­
ment o f  t h e  p o s i t i o n a l  and  i s o t r o p i c  t h e r m a l  p a r a m e t e r s  o f  
t h e  n o n -h y d r o g e n  a toms c o n v e r g e d  a t  R 12.4%. R was lo w e re d  
t o  9 .6% when a n i s o t r o p i c  t h e r m a l  p a r a m e t e r s  f o r  t h e s e  a toms 
w ere  u s e d .  The p o s i t i o n s  o f  t h e  h y d ro g en  a tom s were  
l o c a t e d  i n  a d i f f e r e n c e  map and l e a s t - s q u a r e s  r e f i n e m e n t  
c o n t i n u e d  w i t h  t h e  p o s i t i o n a l  and  i s o t r o p i c  t h e r m a l  
p a r a m e t e r s  o f  t h e  h y d ro g en  a tom s i n c l u d e d  i n  t h e  model .  A 
w e i g h t i n g  scheme o f  t h e  form W = 1  Io{ \ F q I )  was 
employed  and  t h e  r e f i n e m e n t  c o n v e r g e d  a t  R = 3.8%. The 
r a t i o  o f  o b s e r v a t i o n s  t o  p a r a m e t e r s  was 5 . 3  t o  1.
9 . 3 .  R e s u l t s
The c r y s t a l  and  m o l e c u l a r  s t r u c t u r e s  a r e  shown i n  
F i g u r e s  2 and  3 and  t h e  a to m ic  c o o r d i n a t e s ,  t h e r m a l  p a r a m e t e r s ,  
bond l e n g t h s ,  v a l e n c y  a n g l e s ,  t o r s i o n  a n g l e s  a l i s t i n g  o f  
t h e  o b s e r v e d  and  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  g i v e n  
i n  T a b l e s  2 - 7 .
Figure 2: The crystal packing viewed, down b.
I n t e r - m o l e c u l a r  h y d r o g e n  bonds a r e  i n d i c a t e d  
by b r o k e n  l i n e s .
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Figure 3 a) and (b) : Two views of the molecule in approximately
p e r p e n d i c u la r  d i r e c t i o n s .
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T a b le  2 : F r a c t i o n a l  a to m ic  c o o r d i n a t e s  ( x  10^) w i t h  e s t i m a t e d
s ta n d a r d  d e v i a t i o n s  i n  p a r e n t h e s e s »
The h y d r o g e n  a.toms a r e  numbered a c c o r d in g  t o  t h e
atom s t o  w h ich  t h e y  a r e  a t t a c h e d *
The t a b l e  sh o w s:
Atom x  y  z
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T a b le  3 : Thermal p a r a m e te r s  ( x  10^) w i th  e . s . d .  ! s  in  p a r e n t h e s e s .  
Carbon and o x y g en  v a l u e s  a r e  a n i s o t r o p i c *
H ydrogen v a l u e s  a r e  i s o t r o p i c *
The a n i s o t r o p i c  t e m p e r a tu r e  f a c t o r  e x p r e s s i o n  u s e d  was 
o f  t h e  form d e s c r i b e d  by e q u a t io n  ( 1 2 )  i n  c h a p t e r  s e v e n ,  
t h e  c o e f f i c i e n t s  b e in g  i n  term s o f  t h e  mean sq u a r e  
a m p l i t u d e s  o f  v i b r a t i o n  U . .*
The t a b l e  sh ow s:
Atom or' U U22 U33 U12 U13 U23
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T a b le  4 s I n t r a m o le c u la r  bonded d i s t a n c e s  (a n g s tr o m s)  w i th  
s ta n d a r d  d e v i a t i o n s  (a n g s tr o m s)  i n  p a r e n th e se s * .
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T a b le  5 : V a le n c y  a n g l e s  ( d e g r e e s )  w i t h  t h e  s ta n d a r d  d e v i a t i o n s
( d e g r e e s )  i n  p a r e n th e se s * .
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9.4 Discussion of Results
T h i s  X - r a y  c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  b i c y c l o ( 4 , 4 , 1 )  
u n d e c a n e - 1 , 6 - d i o l  r e v e a l s  t h a t  t h e  r i n g  s y s t e m  c o n s i s t s  o f  
t w o  c y c l o h e p t a n e  r i n g s ,  b o t h  i n  a  t w i s t - c h a i r  c o n f o r m a t i o n ,  
f u s e d  b a c k - t o - b a c k  t o  o n e  a n o t h e r  a c r o s s  p o s i t i o n s  1 a n d  3 ,  
a s  d e f i n e d  i n  F i g u r e  1 .  T h e  m o l e c u l e  p o s s e s s e s  a n  
a p p r o x i m a t e  s y m m e t r y  a x i s  p a s s i n g  t h r o u g h  C ( l l )  n o r m a l  
t o  t h e  p l a n e  o f  l e a s t  i n e r t i a  ( F i g u r e  3 ) .
M o l e c u l a r  m e c h a n i c s  c a l c u l a t i o n s ,  u s i n g  t h e  W h i t e -
1 5B o v i l l  a l k a n e / a l k e n e  f o r c e - f i e l d  a n d  a  t w o - s t a g e  N e w t o n -
R a p h s o n  m i n i m i s a t i o n  p r o c e d u r e  w e r e  p e r f o r m e d  o n  a  n u m b e r
o f  p l a u s i b l e  c o n f o r m a t i o n s  o f  b i c y c l o ( 4 , 4 , l ) u n d e c a n e .  T h e
g a s  p h a s e  MEC a p p e a r s  t o  b e  a n  e x a c t l y  Cg s y m m e t r i c  s t r u c t u r e
c o r r e s p o n d i n g  v e r y  c l o s e l y  t o  t h a t  i n  t h e  s o l i d  s t a t e  a n d
t h e  c a l c u l a t e d  a n d  o b s e r v e d  g e o m e t r i e s  a r e  c o m p a r e d  i n
F i g u r e  4 .  T h e  s h o r t e s t  o b s e r v e d  t r a n s a n n u l a r  H . . . H
o
c o n t a c t s  a r e  2 . 1 5  a n d  2 . 1 4  A b e t w e e n  H ( 2 1 )  . . .  H ( 9 1 )  a n d
H ( 4 2 )  . . .  H ( 7 1 )  (C-H b o n d  v e c t o r s  c o r r e c t e d  t o  a  l e n g t h
o  „ o
o f  1 . 0 8  A f r o m  t h e  f o r e s h o r t e n e d  l e n g t h  o f  0 . 9 9 0  A,  w h i c h
i s  o b s e r v e d  i n  t h e  X - r a y  a n a l y s i s )  a n d  t h e  c o r r e s p o n d i n g
o
c a l c u l a t e d  v a l u e s  a r e  2 . 2 1  A. T h e r e  i s  n o  e v i d e n c e  o f
1 7 , 1 8
a n o m a l o u s  m e t h y l e n e  s c i s s o r i n g  m o d e s  i n  t h e  IR s p e c t r u m
o f  s o l i d  b i c y c l o ( 4 , 4 , 1 ) u n d e c a n e  a n d  s o  by  a n a l o g y  w i t h
9 - t h i a b i c y c l o  ( 3 , 3 , 1 ) n o n a n - 2 , 6 - d i o n e  w h e r e  t h e  e f f e c t  i s
a l s o  a b s e n t  a n d  t h e  d i s t a n c e  i s  k n o w n  t o  b e  2 . 0 7  8  f r o m  a
1 9r e c e n t  n e u t r o n  d i f f r a c t i o n  s t u d y ,  i t  s e e m s  r e a s o n a b l e  t o
c o n c l u d e  t h a t  t h e  a c t u a l  d i s t a n c e s  i n  b i c y c l o ( 4 , 4 , 1 )
o
u n d e c a n e  a r e ,  a t  l e a s t ,  g r e a t e r  t h a n  2 . 0 7  A.
F i g u r e  4 ( a ) : The c a l c u l a t e d  t o r s i o n  a n g l e s  ( d e g r e e s )  f o r  t h e  
b i c y c l o ( 4 «  4*1 )  u n d ec an e  s y s te m  a r e  shown t o  t h e  
l e f t - h a n d  s i d e  o f  each  s e t  o f  num bers .  The o b s e r v e d  
t o r s i o n  a n g l e s  f o r  b i c y c l o ( 4 « 4 * 1 ) u n d e c a n e - 1 f 6 - d i o l  
a r e  g i v e n  t o  t h e  r i g h t  o f  each  s e t  o f  numbers,  
a l o n g  w i t h  t h e  c o r r e s p o n d i n g  e . s . d . ' s  ( i n  p a r e n ­
t h e s e s ) ,  M u l t i p l e  t o r s i o n  a n g l e s  a r e  d i s t i n g u i s h e d  
by a p p e n d in g  t h e  l a b e l  o f  t h e  f o u r t h  atom t o  t h e  
v a l u e .
F i g u r e  4 ( b ) : The bond l e n g t h s  ( 8 )  w i t h  e , s . d . * s  x  10^ and bond 
a n g l e s  ( d e g r e e s )  w i t h  e . s . d . ’ s x  1 0 ,
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Fiprare 4(*0
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T o r s i o n  a n g l e s  a n d  r e l a t i v e  e n e r g i e s  f o r  t h e  o t h e r  
c a l c u l a t e d  c o n f o r m a t i o n s  a r e  g i v e n  i n  T a b l e  8 .  C o n f o r m a t i o n  
I  c o r r e s p o n d s  t o  a  t w i s t - c h a i r  c y c l o h e p t a n e  r i n g  f u s e d  t o  
a  c h a i r  c y c l o h e p t a n e  r i n g  a n d  i s  4 . 8 8  k c a l . /  m o l e  h i g h e r  
t h a n  t h e  MEC, o n  a c c o u n t  o f  t h e  u n f a v o u r a b l e  t o r s i o n a l  
i n t e r a c t i o n s ,  m a i n l y  a s s o c i a t e d  w i t h  t h e  c h a i r ,  a n d  t h e  
r e p u l s i v e  n o n b o n d e d  i n t e r a c t i o n s  o f  a t o m s  a c r o s s  t h e  r i n g .
T h e s e  s t r a i n  c o m p o n e n t s  a r e  m i n i m i z e d ,  t o  a  l a r g e  e x t e n t ,  
b y  b o n d  a n g l e  d e f o r m a t i o n .  C o n f o r m a t i o n  I I  r e l a t e s  t o  a  
t w i s t - c h a i r  b e i n g  1 , 3 - f u s e d  t o  a  b o a t  a n d  i s  4 . 3 4  k c a l . / m o l e  
h i g h e r  i n  s t e r i c  e n e r g y  t h a n  t h e  MEC. T h i s  d i f f e r e n c e  c a n  
b e  a t t r i b u t e d ,  i n  l a r g e  p a r t ,  t o  t h e  n o n b o n d e d  i n t e r a c t i o n s  
a n d  t o r s i o n a l  s t r a i n  t h a t  c h a r a c t e r i s e  t h e  b o a t  c y c l o ­
h e p t a n e  r i n g ,  w h i c h  i s  c a l c u l a t e d  t o  b e  3 . 7 9  k c a l . /  m o l e  
l e s s  s t a b l e  t h a n  t h e  t w i s t - c h a i r  7 - r i n g .  C o n f o r m a t i o n  I I I  
r e p r e s e n t s  a  t w i s t - c h a i r ,  w h i c h  i s  3 , 5 - b r i d g e d  by  a  t w i s t -  
b o a t  s a t u r a t e d  7 - r i n g  a n d  i s  6 . 4 3  k c a l . /  m o l e  l e s s  s t a b l e  
t h a n  t h e  MEC. Two c y c l o h e p t a n e  b o a t s  f u s e d  b a c k - t o - b a c k ,  
a s  i n  C o n f o r m a t i o n  IV r a i s e s  t h e  s t e r i c  e n e r g y  w i t h  r e s p e c t  
t o  t h e  MEC b y  8 . 2 6  k c a l . /  m o l e ,  w h i c h  i s  a p p r o x i m a t e l y  t w i c e  
t h e  c a l c u l a t e d  e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  t w i s t - c h a i r  
a n d  b o a t  c o n f o r m a t i o n s  o f  c y c l o h e p t a n e .  Two c y c l o h e p t a n e
c h a i r  c o n f o r m a t i o n s  f u s e d  t o g e t h e r  r e s u l t  i n  t w o  e x t r e m e l y
o
s e r i o u s  H . . .  H i n t e r a c t i o n s  ( c a . 1 . 0  A ) ,  w h i c h  i n v o l v e  t h e  
f o u r  4 - a  h y d r o g e n s  ( s e e  F i g u r e  1 )  o f  t h e  t w o  c y c l o h e p t a n e  
r i n g s ,  a n d  a s  s u c h ,  w o u l d  a p p e a r  t o  b e  e n e r g e t - i c a l l y  u n s t a b l e .
T h e  c o n f o r m a t i o n  o f  t h e  t e n - m e m b e r e d  r i n g  i n  b i c y c l o  
( 4 , 4 , l ) u n d e c a n e - l , 6 - d i o l  i s  i n t e r e s t i n g  b e c a u s e  i t  a p p e a r s  
t o  b e  r e p r e s e n t a t i v e  o f  a  c l a s s  w h i c h  h a s  s o  f a r  e s c a p e d
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TABLE 8:  T o r s i o n  a n g l e s  ( d e g )  a n d  s t e r i c  e n e r g i e s  r e l a t i v e
t o  t h e  MEC ( k . c a l . m o l ~ ^ ) f o r  s o m e  l o w - e n e r g y  c o n f o r m a t i o n s  
o f  b i c y c l o ( 4 , 4 , 1 ) u n d e c a n e •
I I I I I I I V
wl 0 , l , 2 , 3
- 5 6 - 1 6 2 - 1 5 1 - 1 5 6
“1 , 2 , 3 , 4 - 5 9 7 3
7 2 6 8
w2 , 3 , 4 , 5
- 8 - 6 - 1 3 0
* 3 , 4 , 5 , 6 7 0 - 6 9 - 6 4
- 6 8
* 4 , 5 , 6 , 7 5 7
1 7 0 1 6 8 1 5 5
“ 5 , 6 , 7 , 8
- 1 2 0 - 1 0 8 - 5 3 - 1 5 6
* 5 , 6 , 1 1 , 1
6 0 5 0 51 6 4
* 6 , 7 , 8 , 9
58 49 - 3 4 6 8
* 7 , 8 , 9 , 1 0 - 8 7 - 8 8 - 3 3
0
u;8 , 9 , 1 0 , l 6 3 7 0 7 6
- 6 8
* 9 , 1 0 , 1 , 2 8 5
7 8 6 0 1 5 5
" 1 0 , 1 , 1 1 , 6 7 5
7 6 6 8 6 4
E 4 . 8 8 4 . 3 4 6 . 4 3 8 . 2 6
s
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a t t e n t i o n .  T h e  l o w - e n e r g y  c o n f o r m a t i o n s  o f  c y c l o d e c a n e
5 2 0s t u d i e d  by  H e n d r i c k s o n  a n d  o t h e r s  , a r e  e i t h e r  a s y m m e t r i c  
o r  h a v e  m i r r o r  p l a n e s / t w o - f o l d  a x e s  b i s e c t i n g  b o n d s  a n d / o r  
p a s s i n g  t h r o u g h  a t o m s .  I n  t h e  p r e s e n t  i n s t a n c e ,  t h e  s o l e  
s y m m e t r y  e l e m e n t  i s  a  t w o - f o l d  a x i s  p a s s i n g  t h r o u g h  t h e  
c e n t r e  o f  t h e  r i n g  a n d  t h e  c o n f o r m a t i o n  r e s e m b l e s  a  t r a n s ,  
t r a n s - c y c l o d e c a - 1 , 6 - d i e n e  v a r i a n t  w h i c h  w a s  d i s c u s s e d  i n
2 i
C h a p t e r  3 a n d  w h i c h  i s  o n l y  2 . 4 0  k c a l .  /  m o l e  l e s s  s t a b l e  
t h a n  t h e  MEC c o n f o r m a t i o n  o f  c y c l o d e c a n e ,  t h e  BCB. T h e  
g e o m e t r y  ( d e r i v e d  f r o m  MM c a l c u l a t i o n s )  o f  t h e  o b s e r v e d
1 0 - r i n g  c o n f o r m a t i o n  i s  s h o w n  i n  F i g u r e  5 .
22An a l g o r i t h m ,  d e r i v e d  by  C r e m e r  a n d  P o p l e ,  p r o v i d e d  
a  m e a n s  w h e r e b y  i t  w a s  p o s s i b l e  t o  c o m p a r e  t h e  v a r i o u s  
o b s e r v e d  a n d  c a l c u l a t e d  c y c l o h e p t a n e  s t r u c t u r e s  w i t h  t h e  
c a l c u l a t e d  C2 s y m m e t r i c  t w i s t - c h a i r  MEC w h i c h  i s
o
c h a r a c t e r i s e d  b y  a m p l i t u d e s  q 2 = 0 . 4 9 9 ,  = 0 . 6 7 3  A a n d
p h a s e  a n g l e s  <|>2  = 2 7 0 ° ,  = 2 7 0 ° .  T h e  g e o m e t r y  i s  n o t
s i g n i f i c a n t l y  d i f f e r e n t  t o  t h a t  c a l c u l a t e d  by  o t h e r  w o r k e r s ,  
a n d  t h e r e f o r e  f o r m s  a  v a l i d  r e f e r e n c e  p o i n t  f o r  t h e  f o l l o w ­
i n g  d i s c u s s i o n .  T h e  a m p l i t u d e s  a n d  p h a s e  a n g l e s  f o r  t h e
t w o  o b s e r v e d  7 - r i n g s  o f  b i c y c l o ( 4 , 4 , 1 )  u n d e c a n e  s y s t e m  a r e
°  o  °  o
0 . 5 1 2 ,  0 . 6 4 4  A,  2 7 3 ,  2 7 1 °  a n d  0 . 5 3 5 ,  0 . 6 3 0  A,  2 7 1 ,  2 7 0
o
a n d  t h e  c o r r e s p o n d i n g  c a l c u l a t e d  v a l u e s  a r e  0 . 5 1 2 ,  0 . 6 5 6  A,
2 7 6 ,  2 7 2 ° .  A l t h o u g h  t h e  v a l u e s  o f  q 9 a n d  q v a r y  s l i g h t l y
( 2 \  ^
f r o m  7 - r i n g  t o  7 - r i n g ,  t h e  v a l u e  o f  Q J f o r
m
+ oe a c h  r i n g  i s  n e a r l y  c o n s t a n t  a t  0 . 8 3  -  0 . 0 1  A ,  s o  t h a t  1 , 3  
f u s i o n  a p p e a r s  t o  h a v e  l i t t l e  e f f e c t  o n  t h e  t o t a l  p u c k e r i n g  
a m p l i t u d e .  T h e  d i f f e r e n c e s  b e t w e e n  t h e  c a l c u l a t e d  q a n d  (j)
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f i g u r e  5 » 'The c a l c u l a t  ed c y c l o d e c a n e  c o n f o r m a t i o n  d e r i v e d  from
t h e  l O - r i r #  o f  o i c y c l o ( 4 . / r. l ) u n d e c a n e .
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f o r  c y c l o h e p t a n e  a n d  b i c y c l o ( 4 , 4 , 1 ) u n d e c a n e  s y s t e m  i n d i c a t e  
a  s m a l l  a m o u n t  o f  d i s t o r t i o n  c o n s e q u e n t  u p o n  f u s i o n  o f  t h e  
t w o  t w i s t - c h a i r  7 - r i n g s  t o  f o r m  t h e  b i c y c l i c  m o l e c u l e ,  s o  
t h a t  t h e  o b s e r v e d  c o n f o r m a t i o n s  p r o b a b l y  d o  n o t  c o r r e s p o n d  
e x a c t l y  t o  t h e  MEC o f  c y c l o h e p t a n e  a l t h o u g h  t h e  d e v i a t i o n  
i s  s m a l l .
D i f f e r e n c e s  b e t w e e n  t h e  t w o  o b s e r v e d  7 - r i n g s  a m o u n t  t o  
< A l > =  0 . 0 0 8  A,  <AQ>= 0 . 5 °  a n d  <,A<*>> = 1 . 5 °
c o m p a r e d  w i t h  3 < C J ( l )  > = 0 . 0 1 2  8 ,  3  <  O (0)^>=  0 . 6 °  a n d
3  < a « D  > = 1 .  5 ° ,  w h e r e  1 , ©  a n d  CO d e n o t e  b o n d  l e n g t h ,  b o n d  
a n g l e  a n d  t o r s i o n  a n g l e .  I t  c a n  t h e r e f o r e  b e  d e d u c e d  
t h a t ,  w i t h  o n e  e x c e p t i o n ,  t h e  d e p a r t u r e  o f  b i c y c l o ( 4 , 4 , 1 )  
u n d e c a n e - 1 , 6 - d i o l  f r o m  C^ m o l e c u l a r  s y m m e t r y  a r e  p r o b a b l y  
n o t  s i g n i f i c a n t  i n  t h e  s o l i d  s t a t e .  T h e  e x c e p t i o n  c o n c e r n s
t h e  o r i e n t a t i o n  o f  t h e  0 - H  b o n d  v e c t o r s  ( s e e  F i g u r e  3 )  w h i c h
m i g h t  b e  e x p e c t e d  t o  v a r y  i n d e p e n d e n t l y  i n  o r d e r  t h a t  t h e  
i n t e r m o l e c u l a r  h y d r o g e n  b o n d i n g  i s  o p t i m i s e d .
2 3
An a n a l y s i s  o f  t h e  t h e r m a l  m o t i o n  p a r a m e t e r s  o f  t h e
n o n - h y d r o g e n  a t o m s  o f  b i c y c l o ( 4 , 4 , 1 ) u n d e c a n e - 1 , 6 - d i o l  w a s
c a r r i e d  o u t  a n d  t h e  c o m p o n e n t s  o f  t h e  t r a n s l a t i o n  ( T ) ,
l i b r a t i o n  (L) a n d  s c r e w  ( S )  t e n s o r s  a r e  g i v e n  i n  T a b l e  9 .
~  — o b s
T h e  r e a s o n a b l e  a g r e e m e n t  b e t w e e n  t h e  r . m . s .  G  ) o f
0  2 o b s  c a l c  g J
0 . 0 0 1 5  A a n d  t h e  c a l c u l a t e d  v a l u e  ^ ( U j j  ~ ^
2
*= 0 . 0 0 2 4  A i m p l i e s  t h a t  t h e  b i c y c l i c  s y s t e m  b e h a v e s  a s  
a  r i g i d  b o d y  a n d  i s  n o t  d i s o r d e r e d .  T h e  e i g e n v e c t o r  
c o r r e s p o n d i n g  t o  t h e  l a r g e s t  e i g e n v a l u e  o f  t h e  L t e n s o r  i s  
a l m o s t  e x a c t l y  p a r a l l e l  t o  t h e  v e c t o r  b e t w e e n  t h e  t w o  
o x y g e n  a t o m s ,  s o  t h a t  t h e  i n t e r m o l e c u l a r  h y d r o g e n  b o n d s  a r e
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TABLE 9 :  C o m p o n e n t s  o f t h e  t r a n s l a t i o n ( T ) ,  l i b r a t i o n  ( L )  a n d
s c r e w (jS) t e n s o r s d e s c r i b i n g  t h e  r i g i d  b o d y  m o t i o n o f
b i c y c l o ( 4 , 4 , 1 ) u n d e c a n e . A l l  v a l u e s  x l O 4
C o m p o n e n t s E i g e n v a l u e s E i g e n v e c t o r s
3 0 7  33 28 3 4 8 7 1 6 6 4 6 6 8 5 1 8 3
T.  . 2 5 5 3 9 2 6 5 - 6 8 4 6 3 2 8 6 6 5 0 6
2 7 5 2 2 3 1 3 3 4 - 8 2 1 1 5 5 5 0
7 1  - 9 6 7 6 9 0 2 2 - 2 7 0 1 3 3 6 3
L .  . 41 - 5 5 4 - 3 6 4 3 - 5 9 7 9 2 9 4
56 3 8 - 2 3 0 9 - 9 6 1 0 - 1 5 2 3
- 1 5  0 2
S .  .
*3
- 1 4
1 0
< ( u
< ( a
o b s  y c a l c x  
i j  ~  i 3  
( U ° b S ) ) 2 >2
° 2  
2 4  A
° 2  
1 5  Az
o  2  2  ®
T h e  t e n s o r  c o m p o n e n t s  a r e  i n  u n i t s  o f  A ( T ) ,  r a d  ( L )  a n d  r a d  A ( s )
©2 2a n d  t h e  e i g e n v a l u e s  i n  A ( T )  a n d  r a d  ( L ) .  T h e  n o r m a l i s e d  
e i g e n v e c t o r s  a r e  r e f e r r e d  t o  t h e  m o l e c u l a r  i n e r t i a l  a x e s  s h o w n  
i n  F i g u r e  2*
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minimally perturbed by this librational mode in a similar
24way to those in cyclodecane-1,6-diol.
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